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Abstract 
This work presents our detailed investigation of textures and major, minor, and 
trace element compositions of iron sulfides in CM and CR carbonaceous chondrites using 
scanning electron microscopy (SEM), electron probe microanalysis (EPMA), 
transmission electron microscopy (TEM) from focused ion beam-prepared (FIB) sections, 
and synchrotron X-ray fluorescence (SXRF) microanalysis. This study represents the first 
attempt to link micro- to nano-scale textural and chemical characteristics of CM and CR 
chondrite primary iron sulfides and their alteration products. 
The objectives of our studies included determining: 1) if primary sulfides are 
present in the least-altered CM and CR chondrites, and if so, 2) whether they formed by 
sulfidization and/or crystallization; 3) whether they are unstable under certain parent 
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body conditions breaking down into alteration products in the moderately- to highly-
altered CM and CR chondrites; 4) whether the textural and compositional characteristics 
of primary and altered primary sulfide grains allow us to determine their formation 
conditions (e.g., pH, fO2, , fS2 T, fluid composition, etc.) and thermal histories (e.g., 
cooling rates).  
Although iron sulfides are a minor phase in carbonaceous chondrites, we 
determined that primary sulfide grains are actually a major proportion of the sulfide 
grains in the weakly-altered CM2 and CR2 chondrites. We argue that pyrrhotite-
pentlandite intergrowth (PPI) grains formed from crystallization of monosulfide solid 
solution melts, whereas sulfide rimmed metal (SRM) grains formed from sulfidization of 
Fe,Ni metal. Cooling rate calculations of PPI grains yield rates of <28 to 40 K/hr for 
CM2 chondrites and 42 to 82 K/hr for CR2 chondrites which pertain to a temperature 
range not frequently discussed for chondrule cooling (i.e., <600°C, significantly below 
the silicate solidus). Calculations of sulfur fugacity from SRM grains yield values that 
range from -18 to -10 (log units), largely in agreement with the predicted solar nebula.  
Coordinated FIB-TEM-SXRF microprobe analyses for trace element 
concentrations of primary pyrrhotite, pentlandite, and associated metal grains from 
chondrules in CM2 and CR2 chondrites allowed us to measure Co, Cu, Ge, Zn, and Se, in 
addition to Fe and Ni, at a spatial resolution of 2 µm. The similarity between the CM and 
CR PPI sulfide trace element patterns provides evidence for similar formation 
mechanisms and conditions. The similarity between the sulfide and metal trace element 
patterns provides evidence for a genetic relationship between the two, such as formation 
by sulfidization. Depletions in Ge and Zn imply that the former experienced 
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volatilization, or else was never incorporated into the metal or sulfide precursor materials, 
while the latter is partially lithophile during chondrule formation. Trace element 
concentrations further support a crystallization model of formation for the PPI grains and 
a sulfidization model of formation for the SRM grains. 
In the more aqueously altered CM2 and CR2 chondrites, we observed that 
primary sulfides were unstable under some parent body conditions and began to break 
down into different products. The alteration styles consist of primary pyrrhotite altering 
to secondary pentlandite, magnetite, or phyllosilicates in grains that initially formed by 
crystallization (PPI grains) and primary metal altering to magnetite, iron carbides, or 
tochilinite in grains that initially formed by sulfidization (SRM grains). The range of 
alteration textures and products is the result of differences in conditions of alteration due 
to the role of microchemical environments and/or brecciation. 
The breakdown of primary sulfides is even more apparent in the heavily-altered 
CM1 chondrites where iron sulfides are largely present as relict primary pentlandite with 
the associated alteration products of primary pyrrhotite, including secondary pentlandite, 
magnetite, and serpentine. We argue that several different textural groups of the altered 
primary sulfides were initially PPI grains. The fact that such different alteration products 
could result from the same precursor sulfides even within the same meteorite sample 
further underscores the complexity of the aqueous alteration environment for the CM 
chondrites. This complexity is likely attributable to a combination of two specific factors; 
first, that alteration processes were affected locally by microchemical environments and, 
second, that brecciation mixed together grains with different alteration histories. The 
different alteration reactions for each textural group place constraints on the mechanisms 
ix 
 
and conditions of alteration with evidence for variations in pH, variations in fO2, and 
changing fluid compositions. 
Prior to this work, researchers argued that troilite was the dominant primary 
sulfide in CM and CR chondrites, whereas pyrrhotite and pentlandite were primarily 
secondary phases, which formed from aqueous alteration on their asteroidal parent 
bodies. As secondary phases, it was thought that pyrrhotite and pentlandite increased in 
abundance from the least- to highly-altered samples. From this work, however, we have 
found that coarse-grained (>10 µm) pyrrhotite and pentlandite are largely primary phases 
that formed from crystallization in the solar nebula. Pyrrhotite is unstable during 
alteration and breaks down into several alteration products, resulting in a decrease in 
abundance from the least- to highly-altered samples. Pentlandite, on the other hand, is 
resistant to alteration and, in some cases, forms from the breakdown of pyrrhotite; as 
such, it increases in abundance from the least- to highly-altered samples. 
The major new insights into the behavior of sulfides gained from this work 
include: 1) primary sulfides, in the form of the PPI grains, are relatively common and 
make up a majority of the sulfides observed in CM and CR chondrites, especially the 
least-altered samples; 2) PPI grains breakdown into a range of alteration products with 
increasing degrees of alteration of the host meteorite, which has implications for 
chalcophile element redistribution; 3) microchemical environments play a major role in 
the varying conditions responsible for the range of alteration products from the 
breakdown of the primary sulfides; and 4) sulfides are sensitive indicators of alteration, 
more so than previously appreciated, making them invaluable in studies of progressive 
alteration. 
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Chapter 1 
 
Introduction 
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Chondritic Meteorites 
Chondritic meteorites are some of the oldest, most primitive material in the solar 
system. They are characterized by abundant chondrules, sub-millimeter- to millimeter-
sized, round, once-molten droplets of mostly silicate grains; refractory inclusions, such as 
calcium and aluminum-rich inclusions (CAIs) and amoeboid olivine aggregates (AOAs); 
a fine-grained matrix; and Fe,Ni-metal and sulfide grains. After chondrites accreted to 
form asteroidal parent bodies, they experienced a variety of secondary geologic processes 
including thermal metamorphism, aqueous alteration, and, in some cases, metasomatism 
and/or shock metamorphism. Unlike the terrestrial planets, however, these asteroidal 
parent bodies did not undergo wholesale melting and differentiation. For this reason, they 
preserve a unique record of early solar system and asteroidal processes.  
There are many different groups of chondritic meteorites that are classified based 
on their petrologic characteristics, bulk chemical compositions, and stable isotope (e.g., O 
and C) compositions. Carbonaceous chondrites, so named because they contain 
appreciable amounts of carbon (up to a few wt. %) in different forms in their matrices, 
are an especially important group as they are postulated to be the most primitive 
meteorites. Their primitive nature is supported by the fact that they have bulk 
compositions that are close to the solar photosphere with fractionations of the volatile and 
moderately volatile elements that reflect different degrees of thermal processing in the 
solar nebula. In addition, carbonaceous chondrites contain refractory inclusions and 
presolar grains (Brearley and Jones, 1998). Refractory inclusions are the oldest known 
solids that formed in the solar system having formation ages as old as 4.564–4.568 Ga 
(Amelin et al., 2002), and presolar grains predate the formation of the solar system itself.  
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This study focuses on two groups of carbonaceous chondrites: CMs and CRs, 
named for their type specimens Mighei and Renazzo, respectively. CM chondrites are 
carbonaceous chondrite breccias with a high modal abundance of fine-grained matrix 
material (70 vol. %), which occurs interstitially to chondrules (20 vol. %) and refractory 
inclusions (Scott and Krot, 2005). The meteorites of this group have experienced aqueous 
alteration (Brearley, 2006) resulting in hydrated matrices and the production of secondary 
phases from Fe,Ni-metal, chondrule glass, troilite (FeS), matrix silicates (olivine, 
pyroxene), and amorphous silicates (e.g., Tomeoka and Buseck ,1985; Hanowski and 
Brearley, 2001; Rubin et al., 2007). They show a range of aqueous alteration from weakly 
(petrologic type 2) to completely (petrologic type 1) altered (e.g., Browning et al., 1996; 
Rubin et al., 2007; Howard et al., 2015). CR chondrites are a group of carbonaceous 
chondrites which contain a high modal abundance of chondrules (50–60 vol. %) and a 
moderate abundance of fine-grained matrix material (30–50 vol. %) (Scott and Krot, 
2005). The meteorites of this group have also experienced aqueous alteration, but to a 
lesser extent than the CM chondrites; all but one meteorite are of petrologic type 2 (e.g., 
Weisberg et al., 1993; 1995; Abreu and Brearley, 2010; Harju et al., 2014; Howard et al., 
2015). The CM and CR chondrites share two important similarities. Both groups have 
experienced aqueous alteration on their asteroidal parent bodies following accretion and 
most members of both groups have not experienced any thermal metamorphism 
(Grossman and Brearley, 2005; Abreu and Brearley, 2010; Schrader et al. 2015). 
However,   there are some CM chondrites and rare examples of CR chondrites that 
clearly exhibit thermal metamorphic effects (Tomeoka et al., 1989; Nakamura, 2005; 
Briani et al., 2013). 
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In order to understand the primary nebular record preserved in CM and CR 
chondrites, it is important to fully understand the effects of aqueous alteration on these 
meteorites. This first requires a determination of which phases formed in the solar nebula 
(primary phases), as opposed to those that formed as a result of alteration (secondary 
phases) in order to use these minerals to constrain their conditions of formation without 
ambiguity. There have been extensive studies of secondary alteration in CM chondrites, 
but CR chondrites have not been studied as thoroughly. In addition, the origin and history 
of sulfide minerals in these two groups is not fully understood.  
Iron Sulfides in Chondrites 
Sulfides are widespread in all chondritic meteorites, although they are present in 
relatively low abundances (0.1 to 5.4 vol. % and 3.2 to 7.1 vol. % in the CM and CR 
chondrites, respectively; Rubin et al., 2007; Howard et al., 2015; King et al., 2017). 
Despite their ubiquity and utility, there are very few detailed studies of sulfide mineral 
chemistry, textures, and microstructures in chondritic meteorites. Consequently, their 
mechanisms and conditions of formation are poorly understood. Sulfides are potentially 
of considerable importance for two major reasons: 1) If they formed in the solar nebula, 
they are one of the last phases to form in the theoretical condensation sequence and, 
hence, should be important carriers of moderately volatile and volatile chalcophile 
elements, and 2) sulfides are sensitive recorders of secondary alteration processes. In 
meteorites which have experienced aqueous alteration, both primary and secondary 
sulfides may be present. Secondary sulfides could form by direct replacement of primary 
sulfides during interaction with aqueous fluids, as well as by precipitation directly from 
aqueous fluids. Sulfide minerals are also exceptionally sensitive to thermal and shock 
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metamorphism, due to the rapid diffusion rates of metals in sulfides and the ease with 
which the volatile chalcophile elements are mobilized, respectively. Therefore, sulfides 
can also be used to establish whether meteorites that appear, using other criteria, to be 
essentially unmetamorphosed may have undergone very mild heating. This is essential in 
studies of purported pristine samples. 
Sulfides in CM chondrites include troilite (FeS), pyrrhotite (Fe1-xS), and 
pentlandite ((Fe,Ni)9S8) (Ramdohr, 1963; Nazarov et al., 1996). In addition, Bunch et al. 
(1979) and Nazarov et al. (1996, 1997) observed Cr- and P-rich sulfides. Sulfides in CM 
chondrites occur in type II chondrules (FeO rich), as isolated grains in the matrix, and, 
rarely, in type I chondrules (FeO poor). Nanometer-sized pentlandite grains associated 
with fine-grained phyllosilicates occur in the matrix especially in fine-grained rims 
around the coarser components (Müller et al., 1979; Barber, 1981; Brearley, 1995; 
Chizmadia and Brearley, 2008). Harries and Langenhorst (2013) performed TEM studies 
on sulfides in CM2 chondrites and noted pyrrhotite + troilite + pentlandite exsolution 
textures. They divided the sulfides into two groups: M-type and P-type. The M-type are 
monocrystalline pyrrhotite + pentlandite or pyrrhotite + troilite composite grains 
displaying exsolution textures, whereas the P-type are polycrystalline, porous granular 
aggregates of pyrrhotite/troilite + pentlandite displaying concentric structures. Chizmadia 
and Brearley (2008) and Leroux et al. (2015) also noted the presence of nanometer-sized 
sulfides in the matrix of CM chondrites 
Sulfides in CR chondrites also include troilite, pyrrhotite, and pentlandite. These 
commonly occur in type II chondrules, but have also been observed in the matrix 
(Zolensky, 1991; Zolensky et al., 1993; Endress et al., 1994) and in dark inclusions. 
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Schrader et al. (2008, 2015) performed comprehensive studies of opaque assemblages in 
CR2 chondrites and noted the presence of pentlandite + pyrrhotite ± magnetite (Fe3O4) ± 
tochilinite (an Fe-Mg hydroxysulfide). These assemblages primarily occurred in type II 
chondrules being concentrated near the edges, but were also found in the matrix and 
ranged in size from 1 to 200 µm. Abreu and Brearley (2010) and Guillou and Brearley 
(2014) also noted the prevalence of nanometer-sized sulfides in the matrix of CR 
chondrites. 
Objectives of the Dissertation 
In this work, we discuss the mineralogy, petrology, and major, minor, and trace 
element chemistry of coarse-grained (i.e., >10 µm) sulfides in CM and CR chondrites 
that have experienced varying degree of aqueous alteration in order to constrain their 
formation and alteration mechanisms and conditions. Such an integrated petrologic, 
micro- to nanostructural, and trace element study has never been carried out before on 
any kind of meteoritic sulfide and, therefore, provides unique constraints on the origin of 
sulfide minerals in extraterrestrial samples.  
We test the following hypotheses: 1) Primary sulfides are present in the least-
altered CM and CR chondrites and formed by sulfidization and/or crystallization; 2) 
Primary sulfides are unstable under certain parent body conditions and break down into 
alteration products in the moderately- to highly-altered CM and CR chondrites; 3) 
Textural and compositional characteristics of primary and altered primary sulfide grains 
will allow us to determine formation conditions (e.g., pH, fO2, , fS2 T, fluid composition, 
etc.) and thermal histories (e.g., cooling rates) of these grains.  
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In the process of testing these hypotheses, we answer the following scientific 
questions: 1) what evidence is there for primary sulfides in CM and CR chondrites?; 2)  
what textural and compositional features allow us to distinguish between different 
formation mechanisms (sulfidization versus crystallization)?; 3) what are the trace 
element abundances and behaviors in these different primary sulfide textural groups, and 
what does this information tell us about conditions in the solar nebula?; 4) are primary 
sulfides affected by aqueous alteration, what are the products and mechanisms of aqueous 
alteration of primary sulfides, and what do these data tell us about environmental 
conditions on asteroidal parent bodies?  
Overview of the Dissertation 
 This dissertation is composed of four distinct chapters, excluding this introductory 
chapter, which summarize findings related to the aforementioned hypotheses and 
scientific questions. Each chapter serves as a standalone project, though knowledge 
gained in each subsequent chapter often builds upon preceding chapters. The introductory 
content may be similar in chapters 2 through 5, as each was initially prepared as a 
separate manuscript for publication in peer-reviewed journals. The SEM, EPMA, TEM, 
and SXRF observations and resulting discussions, however, are unique and address 
different aspects of the hypotheses of interest. A brief summary of each chapter’s results 
and discussions are presented below. 
 In chapter 2, we observe textural and major and minor element compositional 
features of the coarse-grained (i.e., >10 µm) iron sulfides in the least to minimally-altered 
CM2 and CR2 carbonaceous chondrites using SEM and EPMA analyses. We identify 
two distinct textural groups (PPI and SRM grains) that are likely primary in origin, 
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having formed by either crystallization or sulfidization. From our observations, we 
calculate the chondrule cooling rates for sub-silicate solidus temperatures as well as the 
sulfur fugacity of the solar nebula where these sulfide grains formed. 
 In chapter 3, we discuss trace element abundances obtained from in situ SXRF 
microprobe analyses of FIB-prepared sections of primary iron sulfides from CM2 and 
CR2 carbonaceous chondrites. We compare compositions of trace elements between 
meteorite groups (CM versus CR), textural groups (PPI versus SRM), and phases from a 
single grain/assemblage (pyrrhotite versus pentlandite in a PPI grain, pyrrhotite versus 
metal in a SRM grain). From our observations, we calculate partition coefficients 
between associated phases, as well as determine the overall behavior of some elements. 
The similarities between some abundance patterns provide evidence for genetic 
relationships between phases or similar mechanisms and formation conditions for 
different grains.  
In chapter 4, we continue our observations of coarse-grained primary iron sulfides 
in the more moderately-altered CM2 and CR2 carbonaceous chondrites using SEM, 
EPMA, and TEM analyses. In this work, we focus on the aqueous alteration features, 
specifically the alteration products. We identify three distinct textural groups (3P, PPI alt, 
and SRM alt grains) which show alteration of primary pyrrhotite to secondary magnetite, 
phyllosilicates, and/or pentlandite and alteration of primary metal to secondary magnetite, 
tochilinite, and/or iron carbides. From our observations, we determine the likely 
alteration reactions and environmental conditions (T, fO2, pH, fluid compositions) 
necessary for the formation of each group. 
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Lastly in chapter 5, we conclude with observations of the remnants and alteration 
products of coarse-grained primary iron sulfides in the heavily-altered CM1 
carbonaceous chondrites using SEM, EPMA, and TEM analyses. We identify four 
distinct textural groups (2P, PPM, PS, and PPMS grains), which show alteration of 
primary pyrrhotite to secondary pentlandite, secondary pentlandite to magnetite, or 
magnetite to serpentine. From our observations, we determine the likely alteration 
reactions and environmental conditions (T, fO2, pH, fluid compositions) necessary for the 
formation of each group. 
In summary, this dissertation represents an extensive study of the micro- to nano-
scale textures and major, minor, and trace elemental compositions of primary iron 
sulfides and their alteration products in CM and CR carbonaceous chondrites. Our 
findings have implications for solar nebular, as well as parent body processes and 
conditions. Iron sulfides represent one of the few mineral groups with such ubiquity in 
meteoritic samples allowing us to shed light on such disparate topics. 
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Primary Iron Sulfides in CM2 and CR2 Carbonaceous Chondrites: 
Insights into Nebular Processes 
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Abstract 
 We have carried out a systematic study involving SEM, EPMA, and TEM 
analyses to determine the textures and compositions of sulfides and sulfide-metal 
assemblages in a suite of minimally- to weakly-altered CM and CR carbonaceous 
chondrites. We have attempted to constrain the distribution and origin of primary sulfides 
that formed in the solar nebula, rather than by secondary asteroidal alteration processes. 
Our study focused primarily on sulfide assemblages associated with chondrules, but also 
examined some occurrences of sulfides within the matrices of these meteorites. 
Although sulfides are a minor phase in carbonaceous chondrites, we have 
determined that primary sulfide grains are actually a major proportion of the sulfide 
grains in weakly-altered CM chondrites and have survived aqueous alteration relatively 
unscathed. In minimally-altered CR chondrites, we have determined that essentially all of 
the sulfides are of primary origin, confirming the observations of Schrader et al. (2015). 
The pyrrhotite-pentlandite intergrowth (PPI) grains formed from crystallization of 
monosulfide solid solution (mss) melts, while sulfide-rimmed metal (SRM) grains formed 
from sulfidization of Fe,Ni metal. Micron-sized metal inclusions (MMIs) in some PPI 
grains may have formed by co-crystallization of metal and sulfide from a sulfide melt that 
experienced S volatilization during the chondrule formation event, or alternatively, may 
be a remnant of sulfidization of Fe,Ni metal that also occurred during chondrule 
formation.  
Cooling rate calculations were performed for the PPI grains and yield rates of <28 
K/hr to 40 K/hr for CM chondrites and 42 K/hr to 82 K/hr for CR chondrites. These rates 
pertain to a temperature range not frequently discussed for chondrule cooling (i.e. 
<600°C), significantly below the silicate solidus, and are similar to the chondrule cooling 
rates determined for higher temperatures. These cooling rates argue for an ambient 
temperature of the nebula of <373 K, inconsistent with X-wind models of chondrule 
formation. Sulfur fugacity for SRM grains ranged from -18 to -10 (log units) largely in 
agreement with predicted solar nebular values. Our observations show that understanding 
the formation mechanisms of primary sulfide grains provides clues into solar nebular 
conditions, such as chondrule cooling rates at moderate temperatures, evidence for 
reheating events, and the sulfur fugacity during chondrule formation. 
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Introduction 
 One of the major goals of meteoritics is to constrain the processes and conditions 
that formed the solid components of chondritic meteorites within the solar nebula. This 
goal can be achieved by determining the characteristics of these materials, in terms of 
their chemistry and structure, and establishing if and how later secondary processes may 
have modified these characteristics. Such information can place constraints on early solar 
system processes both within the protoplanetary disk and after accretion within asteroids.  
In this study, we have performed a systematic investigation of sulfide minerals in 
two groups of carbonaceous chondrites: the CMs and CRs, in an effort to establish the 
characteristics of primary, preaccretionary sulfide grains. CM chondrites are 
carbonaceous chondrite breccias with a high modal abundance of fine-grained matrix 
material (70 vol. %) which occurs interstitially to chondrules (20 vol. %) and refractory 
inclusions (Scott and Krot, 2005). The meteorites of this group have experienced aqueous 
alteration from interaction with fluids (Brearley, 2006), resulting in hydrated matrices 
and chondrules and the production of secondary phases from Fe,Ni metal, chondrule 
glass, and troilite (FeS) (e.g., Tomeoka and Buseck ,1985; Hanowski and Brearley, 2001; 
Rubin et al., 2007). They show a wide range of aqueous alteration from weakly to 
completely altered (e.g., Browning et al., 1996; Rubin et al., 2007; Howard et al., 2015). 
CR chondrites are a group of carbonaceous chondrites which contain a high modal 
abundance of chondrules (50–60 vol. %) and a moderate abundance of fine-grained 
matrix material (30–50 vol. %) (Scott and Krot, 2005). The meteorites of this group have 
also experienced aqueous alteration, but to a lesser extent, overall, as compared to the 
CMs (e.g., Weisberg et al., 1993; 1995; Abreu and Brearley, 2010; Harju et al., 2014; 
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Howard et al., 2015). CM and CR chondrites were selected for this study because both 
groups have experienced aqueous alteration on their asteroidal parent bodies, but have 
not experienced any significant degree of thermal metamorphism (Grossman and 
Brearley, 2005; Abreu and Brearley, 2010; Schrader et al. 2015). 
Iron sulfides in chondrites may include phases that formed in the solar nebula and 
hence have the potential to constrain processes that occurred during the evolution of the 
protoplanetary disk. Troilite (FeS), for example, is theorized to be a primary nebular 
condensate (e.g., Grossman and Larimer, 1974; Barshay and Lewis, 1976; Fegley et al., 
1995; Lodders, 2003). We define primary sulfides as those that formed in the solar nebula 
by a range of different processes including condensation, reaction of condensates with a 
nebular gas, or by the melting of condensates by thermal events in the nebula. As 
discussed in more detail below, there are currently two main mechanisms that have been 
proposed for the formation of primary sulfides in CM and CR chondrites: 1) sulfidization 
of Fe,Ni metal and/or 2) crystallization of the monosulfide solid solution (mss,  
(Fe,Ni)1-xS) during chondrule formation. In both cases, the predicted sulfide products are 
pyrrhotite (Fe1-xS) and pentlandite ((Fe,Ni)9S8). 
Sulfidization: Nebular equilibrium condensation models predict that troilite 
condenses after Fe metal at temperatures of ~700 K (e.g., Grossman and Larimer, 1974; 
Barshay and Lewis, 1976; Fegley et al., 1995; Lodders, 2003) and forms from 
sulfidization of Fe metal by H2S gas: Fe (metal) + H2S (g) = FeS (s) + H2 (g) (Lauretta et 
al., 1996a; b; c). However, the condensation of pure Fe metal is unlikely, and instead 
Fe,Ni metal is the expected condensate (Lauretta et al., 1998). Lauretta et al. (1996a; b; c; 
1997; 1998) showed through experimentation that sulfidization of metal in H2 and H2S 
17 
 
gases actually produces pyrrhotite (Fe1-xS), pentlandite ((Fe,Ni)9S8), and a P-rich sulfide. 
Subsequent collisions of material in the solar nebula could have fragmented these metal-
sulfide assemblages (Schrader et al., 2015).  
Crystallization: Boctor et al. (2002), Brearley and Martinez (2010), Harries and 
Langenhorst (2013), and Schrader et al. (2015) proposed that sulfides may have also 
formed by crystallization of a monosulfide solid solution (mss, (Fe,Ni)1-xS) melt during 
the chondrule formation event. At 1373 K, a Fe- and Ni-bearing sulfide solid, termed the 
monosulfide solid solution (mss), forms. Monosulfide solid solution is unstable at lower 
temperatures and begins to unmix into pyrrhotite and pentlandite at 1073 K (Kitakaze et 
al., 2011). 
Several potential primary sulfide and sulfide-metal assemblages have been 
identified in chondrites previously and are rigorously investigated further in this work. 
Recent studies by Brearley and Martinez (2010), Kimura et al. (2011), Maldonado and 
Brearley (2011), Harries and Langenhorst (2013), and Hewins et al. (2014) have 
identified sulfides in weakly- to moderately-altered CM chondrites which show complex 
exsolution textures in pyrrhotite-pentlandite grains. Schrader et al. (2015) identified 
similar grains in CR chondrites. Additionally, sulfide-rimmed Fe,Ni metal core 
assemblages (SRM) have been observed in CR chondrites by Schrader et al. (2015) and 
are also predicted based on experimental work (Lauretta et al., 1996a; b; c; Schrader and 
Lauretta, 2010). In comparison, several past studies of CM chondrite sulfides (e.g., Fuchs 
et al., 1973; Hanowski and Brearley, 2001; Zolensky and Le, 2003; Bullock et al., 2007) 
have argued that pyrrhotite and pentlandite are secondary phases which formed from 
aqueous alteration of primary Fe,Ni metal and/or troilite.  
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We have carried out a detailed investigation of coarse-grained (>10 µm) sulfide 
phases in several weakly- to moderately-altered CM and CR chondrites in an attempt to 
determine their formation mechanisms. This study focuses on sulfides that primarily 
occur in chondrules, though we also studied sulfides present in matrices that show 
textural similarities to those in chondrules. We have not studied all occurrences of 
sulfides within these meteorites, and note that there are different textural types that we 
have not examined, but have been observed and described by other workers.  
Methods 
 The textures and compositions of sulfide and sulfide-metal assemblages were 
studied in the following eight meteorites: CM2 chondrites–QUE 97990, Murchison, 
Murray, and Mighei; CR2 chondrites–QUE 99177, EET 92042, MET 00426, and 
Renazzo. Data were obtained from the following polished thin sections: CM2s QUE 
97990,31; Murchison UNM 652; Murray UNM 126 and 552; Mighei FMNH ME1456 
and USNM 3483-2; CR2s QUE 99177,19; MET 00426,16; EET 92042,35; ,46; and 
Renazzo USNM 1123-1. Murchison UNM 652, Murray UNM 126, and 552 were loaned 
from the Institute of Meteoritics (IOM). Renazzo USNM 1123-1 and Mighei USNM 
3483-2 were obtained on loan from the Smithsonian’s National Museum of Natural 
History and Mighei FMNH ME1456 was loaned from the Field Museum of Natural 
History, Chicago. All other sections were obtained from NASA’s Astromaterials 
Acquisition and Curation Office.		
The samples studied in this work are listed in order of increasing degrees of 
alteration by meteorite type using the schemes of Browning et al. (1996), Rubin et al. 
(2007), and Howard et al. (2015) for CMs and Harju et al. (2014) and Howard et al. 
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(2015) for CRs (Table 2.1). These studies represent attempts to assign samples to 
petrologic subtypes based on the extent of aqueous alteration experienced by the sample. 
These classification schemes further subdivide the meteorites that fall between petrologic 
types 2 and 1. 
Table 2.1. Meteorite samples discussed in this work along with their petrologic subtype 
classifications from previous studies of progressive alteration 
Meteorite Classification Scheme* 
Group Name Browning Rubin Harju Howard 
CM 
QUE 97990 – 2.6 – 1.6 
Murchison 1.57 2.5 – 1.5 
Murray 1.43 2.4/2.5 – 1.5 
Mighei 1.23 – – 1.4 
CR 
QUE 99177 – – 2.8 2.8 
EET 92042 – – 2.8 – 
MET 00426 – – 2.8 2.6 
Renazzo – – 2.4 – 
* Browning = MAI from Browning et al., 1996; Rubin = petrologic subtype from Rubin et al., 2007; Harju 
= petrologic subtype from Harju et al., 2014, EET 92042 is paired with EET 92062 which they assign a 
classification; Howard = Howard et al., 2015; – = sample not investigated in the cited study. 
In Browning et al. (1996), this was accomplished for the CM2 chondrites by the 
mineralogic alteration index, which uses the following criteria for classification purposes: 
average matrix phyllosilicate composition, volume percent isolated matrix silicates, and 
volume percent chondrule alteration. The Rubin et al. (2007) and Harju et al. (2014) 
studies represent attempts at subtype classification using a petrology-based sequence for 
the CM2 and CR2 chondrites, respectively. Rubin et al. (2007) uses the following criteria 
in assigning CM subtypes: abundance of chondrule mesostasis altered to phyllosilicates, 
amount of matrix phyllosilicates, volume percent metallic Fe-Ni, percent alteration of 
mafic silicate phenocrysts in chondrules, volume percent large PCP (poorly characterized 
phases, i.e., tochilinite-cronstedtite intergrowths) clumps, composition of PCP, sulfide 
phases present, and carbonate phases present. Harju et al. (2014) uses the following 
criteria in assigning CR subtypes: abundance of chondrules with unaltered mesostasis, 
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presence of magnetite, percent alteration of mafic silicate phenocrysts in chondrules, 
extent replacement of coarse-grained metallic Fe-Ni by oxide and silicate by 
phyllosilicate, and abundance of phyllosilicate in the matrix and chondrule rims. Lastly, 
Howard et al. (2015) used PDS-XRD to determine modal abundances of CM chondrites 
from which they calculated a phyllosilicate fraction (proportion of phyllosilicate to 
anhydrous silicate) of the sample. Each scheme has its advantages and disadvantages; 
however, all schemes agree in the order of alteration for the samples studied in this work. 
For back-scattered electron (BSE) imaging of the textures and energy dispersive 
spectrometry (EDS) analysis, we used a FEI Quanta 3D DualBeam® Field Emission Gun 
Scanning Electron Microscope/Focused Ion Beam (FEGSEM/FIB) instrument operating 
at the following conditions: 10 mm working distance, 10 kV (BSE imaging) or 30 kV 
(EDS analyses and maps) accelerating voltage, and a beam current of 16 nA. The 
imaging conditions (i.e., 10 kV) resulted in a higher spatial resolution and were optimal 
for observing the very fine-scale textures present in many of the grains.  
The major and minor element compositions of the sulfides were obtained using 
wavelength dispersive spectrometry (WDS) on a JEOL 8200 Electron Probe 
Microanalyzer (EPMA). Operating conditions were 15 kV accelerating voltage, 20 nA 
beam current, and a beam size of <1 µm (for pentlandite in sulfide grains, sulfide and 
metal in sulfide-metal assemblages, and micron-sized Fe,Ni metal inclusions) and 5–10 
µm (for pyrrhotite and fine-grained pentlandite exsolution textures in sulfide grains). 
Elements analyzed, the crystals used, count times, detections limits, and standards used 
are summarized in Table 2.2. Sulfides and metals are listed separately as they were 
collected using different settings and calibration files. Appropriate corrections were made 
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for elements whose peaks interfere with one other (i.e., Fe and Co) using the Probe for 
EPMA software (Donovan et al., 1993).  
Table 2.2. EPMA WDS elements, crystals, count times, detection limits, and standards 
for both sulfide and metal analyses. 
 Sulfides  Metals 
 XL CT DL Std  XL CT DL Std 
P PETL 30–40 0.01–0.02 GaP  PETL 30 0.01–0.02 GaP 
S PETJ/L 30–60 0.01–0.02 Pyrite  PETL 30 0.01 Pyrite 
Cr PETJ/L 40–70 0.01–0.04 Chromite  LIFH 30 0.01–0.02 Cr metal 
Fe LIF/H 20–60 0.04–0.12 Pyrite  LIFH 20 0.03–0.04 Fe metal 
Co LIFH 30–40 0.03–0.16 Co metal  LIFH 30 0.03 Co metal 
Ni LIF/H 20–40 0.04–0.85 Ni metal  LIF/H 20–30 0.04–0.16 Ni metal 
* XL = crystal, CT = count time (s), DL = detection limit (wt. %), Std = standard 
Our compositional data for individual phases had standard ZAF corrections 
applied within Probe for EPMA. For the micron-sized metal inclusions, we averaged the 
data from 2-3 spot analyses of a single grain and then applied appropriate corrections for 
secondary fluorescence effects using the PENEPMA function built into Probe for EPMA 
(Llovet et al., 2012); see Appendix I. Bulk compositions of the sulfide grains containing 
multiple phases were obtained by modal recombination analysis (MRA) using the 
approach of Berlin et al. (2009). Several individual spot analyses were obtained for each 
phase and then averaged; these averaged phase compositions were used in the MRA 
calculations. This technique was also used to calculate the bulk compositions of the 
sulfide (pyrrhotite + pentlandite) and metal (low-Ni metal + high-Ni metal) portions of 
the sulfide-metal assemblages separately whenever possible. The proportions of different 
phases were determined as area fractions of the grain using the thresholding function on 
BSE images within ImageJ. For grains where pentlandite and/or Ni-rich metal were not 
visible, the bulk compositions for the sulfide and metal portions were calculated using 
averages of four to six spot analyses. All analytical work was performed in the 
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Department of Earth & Planetary Sciences and Institute of Meteoritics at the University 
of New Mexico. 
Results 
Textures 
 In our study of sulfides, we imaged a significant number of different grains in 
each thin section (an average of 38 with a range of 15 to 96 grains per section for CMs 
and an average of 14 with a range of 5 to 22 grains per section for CRs). We limited our 
work to coarse-grained sulfides (i.e., >10 µm in size) and searched the matrix and type IA 
and IIA chondrules of all sections involved in this study. Our observations yielded 
several common textural groups that occurred in both CM and CR chondrites: 
1) Pyrrhotite-pentlandite intergrowth (PPI) grains (Figs. 2.1−2.3) 
2) Micron-sized metal inclusion-bearing pyrrhotite-pentlandite intergrowth 
(MMI-PPI) grains (Fig. 2.4) 
3) Micron-sized metal inclusion-rich pyrrhotite-pentlandite intergrowth (MMI-
rich PPI) grains (Fig. 2.5) 
4) Sulfide-rimmed metal (SRM) grains (Fig. 2.6 and 2.7) 
The abundance, size distribution, spatial occurrence, and presence of exsolution features 
of each textural type in each sample are summarized in Table 2.3. This study focuses on 
the primary features of the textural groups; portions of the grains that have been 
aqueously altered will be discussed in detail in Chapter 4. 
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Table 2.3. Textural groups, sizes, spatial occurrence, and exsolution textures of sulfide 
grains and sulfide-metal assemblages by sample examined in this study. Samples of the 
same meteorite group are listed in order of increasing degree of aqueous alteration within 
each meteorite group. 
 
Sample & 
Petrologic 
Type† 
Textural 
Group n 
Size 
Range 
(µm) 
Spatial 
Occurrence 
Exsolution 
Textures 
CM 
QUE 97990 
(2.6) 
PPI 60 10–100 Type IIA, mx p,b,l,f,s,r 
MMI-PPI 8 10–40 Type IIA, mx p,b,f,s,r 
MMI-rich PPI 4 10–50 Type IIA b,f,s,r 
Alt PPI 7 10–60 Type IIA, mx p,b,l,s,r 
alt MMI-PPI 2 35–75 Mx p,b,s,r 
Alt SRM 3 35–45 Mx b,s,r 
Murchison 
(2.5) 
PPI 18 20–100 Type IIA, mx p,b,l,f,s,r 
MMI-PPI 2 15–50 Type IIA, mx p,b,l,s,r 
Alt PPI 24 15–50 Type IIA, mx p,b,s,r 
Alt SRM 2 20–30 Mx N/A 
Murray 
(2.4/2.5) 
PPI 31 10–50 Type IA, IIA, mx p,b,l,f,s,r 
SRM 2 10–30 Mx b 
Alt PPI 15 15–55 Type IIA, mx p,b,l,f,s,r 
Alt MMI-PPI 2 15–35 Type IA b,r 
Alt SRM 3 20–40 Mx p,b,s,r 
Mighei 
(<2.4) 
PPI 8 15–30 Type IIA, mx p,b,l,f,r 
Alt PPI 13 20–90 Type IIA, mx p,b,l,r 
Alt SRM 1 30 Mx N/A 
CR 
QUE 99177 
(2.8) 
PPI 5 20–60 Type IIA, mx p,b,s,r 
MMI-PPI 2 10–25 Mx p,f,r 
SRM 5 15–30 Type IA f,r 
EET 92042 
(2.8) 
PPI 13 10–60 Type IIA, mx p,b,s,r 
MMI-PPI 8 15–200 Type IA, IIA p,b,l,f,s,r 
MMI-rich PPI 3 15–50 Type IIA p,b,f,s,r 
SRM 17 15–200 Type IA f,r 
Acicular 5 10–175 Dark inclusions l,r 
Alt PPI 6 15–45 Type IIA, mx p,b,l,s,r 
MET 00426 
(2.8) 
PPI 10 10–200 Type IA, IIA, mx p,b,s,r 
MMI-PPI 5 20–50 Type IIA, mx p,b,f,s,r 
MMI-rich PPI 3 10–15 Type IIA b,r 
Alt PPI 1 40 Mx p,b,l,r 
Renazzo 
(2.4) 
Alt PPI 19 15–150 Type IA, IIA, mx p,b,f,r 
Alt SRM 13 30–150 Type IA, IIA p,b,f,r 
* Alt = altered, mx = matrix; p = patches, b = blades, l = lamellae, f = framing, s = snowflake, r = rods, N/A 
= no textures were present. 
† Petrologic types from Rubin et al. (2007) for CM chondrites and Harju et al. (2014) for CR chondrites. 
Mighei was not analyzed in Rubin et al. (2007), but other works discussing progressive alteration (e.g., 
Browning et al., 1997; Howard et al., 2015) conclude that Mighei is more altered than Murray, hence the 
<2.4 provided. 
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Pyrrhotite-pentlandite intergrowth (PPI) grains 
The PPI grains occur in both CM (Fig. 2.1) and CR chondrites (Fig. 2.2) and are 
present in all of the samples studied, although in the more altered samples (e.g., Murray, 
Mighei, and Renazzo) they often show evidence of secondary alteration. Data presented 
in this study only treats the unaltered portions of these grains. The PPI grains, and 
sulfides in general, are more common in CM chondrites, making observations from this 
group more representative than our observations on CR chondrites. The PPI grains occur 
in the matrix and in type IA and IIA chondrules, although they are much more common 
in type IIAs. In chondrules with coarser-grained olivine, the PPI grains are mostly located 
in chondrule rims, whereas in chondrules with finer-grained olivine, the PPI grains are 
also found in chondrule interiors interstitial to the olivine grains. The PPI grains range in  
 
Figure 2.1. BSE images of PPI grains (outlined in red in lower magnification images) in 
CM chondrites from different locations: (a, b) matrix, (c, d) type IA chondrule rim, (e, f) 
type IIA chondrule rim, and (g, h) type IIA chondrule core. Similar textures are observed 
regardless of the location of the PPI grain. Pn patches are visible in (a), (c), (e), and (g); 
blades in (a), (e), and (g); lamellae in (a); rods in (a), (c), and (g); and snowflake texture 
in (a), (c), (e), and (g). Images are from the following samples: (a, b, g, h) QUE 97990, (c 
,d) Murray UNM 552, and (e, f) Murchison. po = pyrrhotite, pn = pentlandite, mgt = 
magnetite. 
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Figure 2.2. BSE images of PPI grains (outlined in red in lower magnification images) in 
CR chondrites from different locations: (a, b) matrix, (c, d) type IA chondrule rim, (e, f) 
type IIA chondrule rim, and (g, h) type IIA chondrule core. Similar textures are observed 
regardless of the location of the PPI grain. Pn patches are visible in (e) and (g); blades in 
(a) and (e); lamellae in (c); and rods in (a), (c), and (e). Images are from the following 
samples: (a, b) MET 00426, (c, d) EET 92042,46, and (e–h) Renazzo. po = pyrrhotite, pn 
= pentlandite, mgt = magnetite. 
size from 10 to 200 µm with an average size of 30 µm. The PPI grains display several 
pyrrhotite-pentlandite exsolution textures which have also been reported in studies of 
terrestrial and synthetic sulfides. The grains are dominated by pyrrhotite with minor 
amounts of pentlandite. 
Exsolution textures (Fig. 2.3) include: 1) pentlandite patches, 2) pentlandite 
blades, 3) pentlandite lamellae, 4) pentlandite rods, and 5) an inverse texture of mottled 
pyrrhotite within pentlandite patches (hereafter the snowflake texture; first described in 
Brearley, 2010). Individual grains can show more than one type of exsolution texture. 
Table 2.4 summarizes the number and percentages of grains observed in each meteorite 
group with the textures listed. With the exception of the snowflake texture, the 
pentlandite is homogeneous. Overall, there are two distinct occurrences of pentlandite 
exsolution: coarse-scale (patches and blades) and fine-scale (lamellae and rods) features. 
The textures that occur in individual grains appear to be independent of meteorite type,  
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grain size, and grain location (matrix versus type IIA vs type IA chondrules). 
 
Figure 2.3. BSE images of po-pn exsolution textures observed in CM and CR chondrites 
including pn patches (a, c, d), pn blades (a, b), pn rods (a, b, f), snowflake texture (b, c, 
d), framing texture (e), and pn lamellae (f). Images are from the following samples: (a) 
CR QUE 99177, (b, d, f) CM QUE, (c) CR EET 92042, and (e) CR Renazzo. po = 
pyrrhotite, pn = pentlandite, mgt = magnetite, p = patch, b = blade, r = rod, l = lamella. 
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Table 2.4. Percentage of the number of grains showing different exsolution textures in 
PPI grains by meteorite group. Note that a single PPI grain can contain multiple textures. 
 Textural Grouping Texture 
Number of 
Grains Percent 
CM 
Coarse Patches 114 85.1 
Coarse Blades 51 38.1 
Coarse Framing 21 15.7 
Coarse Snowflake 43 32.1 
Fine Lamellae 23 17.2 
Fine Rods 94 70.1 
 Total Imaged 134  
CR 
Coarse Patches 23 76.7 
Coarse Blades 17 56.7 
Coarse Framing 0 0 
Coarse Snowflake 9 30 
Fine Lamellae 2 6.7 
Fine Rods 28 93.3 
 Total Imaged 30  
 
Pentlandite patches and blades are a common texture observed in all the 
meteorites studied (CMs: 85.1% show patches and 38.1% blades; CRs: 76.7% show 
patches and 56.7% blades). These features often occur along the periphery of the grain 
and along cracks. The patches vary in size considerably from grain to grain and also 
within a single grain (e.g., from 1 µm up to 30 µm). The blades show similar variations 
although their maximum sizes are smaller (i.e., 10 µm). Blades differ from patches in 
their morphology; they are elongate in one direction and, if they are located on a grain 
boundary or crack, protrude into the surrounding pyrrhotite. Blades can also be present as 
isolated lenses surrounded by pyrrhotite (Fig. 2.3a). The transition from blades to 
lamellae or rods is arbitrary; we have assigned a texture to the blades category if it is 
coarse (e.g., >1 µm in the direction normal to the elongate direction), roughly lens-
shaped, and present in relative isolation. Lamellae, on the other hand, are narrow (e.g., <1 
µm in the direction normal to the elongate direction), linear features parallel to one 
another and present in groups. Rods are fine grained (<1 µm) in two mutually 
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perpendicular directions, though they tend to be elongate in one direction, often occur in 
groups, and need not be oriented in the same direction. In some grains, pentlandite 
patches and blades appear to form continuous rim features either along grain boundaries 
or cracks. We refer to this texture as framing (Fig. 2.3e).  
Some pentlandite patches also contain the snowflake texture (CMs: 32.1%; CRs: 
30.0%). It was observed in all samples in our study with the exception of CR Renazzo 
and CM Mighei. This texture has not been reported in the terrestrial literature or been 
produced experimentally. It was first observed and described by Brearley (2010) in CM2 
TIL 91722 and further noted in CR chondrites by Schrader et al. (2015). This texture 
involves dendritic to graphic, submicron blebs of pyrrhotite contained within patches 
(Fig. 2.3c, d) and, less commonly, blades of pentlandite (Fig. 2.3b). Grains with the 
snowflake texture also often contain pentlandite lamellae and/or rods in the surrounding 
pyrrhotite. 
Pentlandite lamellae are rarer than patches and blades (CMs: 17.2%; CRs: 6.7%). 
The lamellae are linear or irregular and can be present in sets with different 
crystallographic orientations. They often occur in the interior of the pyrrhotite grains, 
especially when they are accompanied by pentlandite patches and/or blades. When the 
lamellae are present in high abundance in the center of the grain, the rims are free of 
lamellae.  
Unlike the lamellae, pentlandite rods are common (CMs: 70.1%; CRs: 93.3%). 
This texture is characterized by rods of pentlandite, with submicron widths, located in the 
interior of the pyrrhotite portions of the grains. There is high variability in the abundance 
of the rods from grain to grain. In some cases, several rods occur concentrated near one 
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another or clustered in distinct regions of the pyrrhotite. In other cases, the rods permeate 
the pyrrhotite and have a relatively even distribution. In most cases, the rods are 
crystallographically oriented (Fig. 2.3b), but there are instances where the rods appear to 
be randomly oriented (Fig. 2.3a). The rods occur in grains with both large proportions of 
pentlandite (i.e., large pentlandite patches and blades) and also in grains with small 
proportions of pentlandite (i.e., small to non-existent patches and blades).  
Micron-sized metal inclusion-bearing pyrrhotite-pentlandite intergrowth (MMI-PPI) 
grains 
In addition to the PPI grains described above, there are also pyrrhotite-pentlandite 
intergrowth grains in CM and CR chondrites which contain micron-sized Fe,Ni metal 
inclusions. We refer to these as the micron-metal inclusion pyrrhotite-pentlandite 
intergrowth (MMI-PPI) grains (Fig. 2.4). The MMI-PPI grains occur in both CMs and 
CRs in all of the samples studied with the exception of CM Mighei and CR Renazzo. 
MMI-PPI grains are less common than their PPI counterparts (Table 2.5). Micron-sized 
metal inclusions in sulfide grains have been observed previously in CM chondrites by 
Kimura et al. (2011) and in CR chondrites by Schrader and Lauretta (2010) and Schrader 
et al. (2015). 
Similar to the PPI grains, the MMI-PPI grains in the more altered samples often 
show evidence of alteration. Data presented in this paper only treat the unaltered portions 
of these grains; that is, those that show no evidence, detectable by SEM imaging, of any 
kind of surface pitting or veining in their interiors that might be indicative of secondary 
replacement. MMI-PPI grains occur in the matrix and in type IA and IIA chondrules, 
though they are much more common in type IIAs. They range in size from 5 to 200 µm  
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Figure 2.4. BSE images of MMI-PPI grains from different textural occurrences in CM 
and CR chondrites. (a) CR matrix, (b, c) CR type IIA chondrules, (d) CM matrix, (e) CM 
type IA chondrule, (f) CM type IIA chondrule. Note the presence of exsolution textures 
similar to PPI grains: pn patches (a–d, f), pn blades (b, c, e), snowflake (d, f), framing (a–
c), and pn rods (a–f). The round black cavities in the sulfides are either silicates or 
represent cavities once containing MMIs that have been plucked during polishing. Images 
are from the following samples: (a, b) MET 00426, (c) QUE 99177, (d) Murchison, (e) 
Murray, and (f) QUE 97990. po = pyrrhotite, pn = pentlandite, m = Fe,Ni metal, mgt = 
magnetite. 
 
Table 2.5. Comparison of PPI, MMI-PPI, and MMI-rich PPI grains in CM and CR 
chondrites. Note the smaller size of MMIs in CM chondrites. 
 Grain Type n % 
MMI Size 
Range 
(µm) 
MMI Morphology 
CM 
PPI 166 90.2 N/A N/A 
MMI-PPI 14 7.6 <1–3.3 Rounded, elongate, equant, 
anhedral 
MMI-rich PPI 4 2.2 <1–2.5 Rounded, equant, anhedral 
CR 
PPI 54 72.0 N/A N/A 
MMI-PPI 15 20.0 <1–10 Rounded, lobate, anhedral 
MMI-rich PPI 6 8.0 <1–6 Rounded, elongate, equant, 
anhedral 
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with an average size of 30 µm. The MMI-PPI grains resemble PPI grains in terms of their 
exsolution textures which include: patches, blades, framing, snowflake, lamellae, and 
rods. The metal inclusions range in size from <1 µm to a little over 3 µm in CMs and 
from <1 µm to a little over 10 µm in CRs. They range in shape from rounded to elongate 
to equant (Fig. 2.4f) to anhedral in CMs and from rounded to lobate (Fig. 2.4a, b) to 
anhedral in CRs. They occur both in the core of the sulfide grains and near the edge. 
When more than one metal inclusion is present in a single sulfide grain, the inclusions 
can be clustered in grouplets (Fig. 2.4c) or be more dispersed (Fig. 2.4f). Clustered metal 
inclusions sometimes appear fall along linear arrays but do not have obvious 
crystallographic orientation relationships with the host sulfide.  
Micron-sized metal inclusion-rich pyrrhotite-pentlandite intergrowth (MMI-rich PPI) 
grains 
In addition to the MMI-PPI grains, there is a distinct subset of PPI grains that 
contain MMIs but differ in appearance to the MMI-PPI grains. These grains are 
dominated by pentlandite blades, the framing texture, and pentlandite rods and having a 
higher abundance of MMIs, which also tend to be smaller (Fig. 2.5). We refer to such 
grains as MMI-rich PPI grains. However, they only occur in one of the CMs studied 
(QUE 97990) and two of the CRs (EET 92042; MET 00426). The MMI-rich PPI grains 
are even less common than the MMI-PPI grains (Table 2.5).  
The MMI-rich PPI grains occur only in type IIA chondrules and are often located 
in chondrule cores. They range in size from 8 to 50 µm in both CM and CR chondrites. 
They contain pyrrhotite-pentlandite exsolution textures with more equal amounts of the 
two phases. Pentlandite exsolution occurs mostly as blades and the framing texture. The 
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metal inclusions range in size from <1 µm to 2.5 µm in CMs and from <1 µm to a little 
over 6 µm in CRs. They range in shape from rounded to equant to anhedral in CMs and 
from rounded to elongate to equant (Fig. 2.5b) to anhedral in CRs. When more than one 
metal inclusion is present in a single sulfide grain, the inclusions tend to be more 
dispersed.  
 
Figure 2.5. BSE images of MMI-rich PPI grains from CRs (a) EET 92042 and (b) MET 
00426 and CM (c, d) QUE 97990 in type IIA chondrules. Note the roughly equal 
amounts of pyrrhotite and pentlandite and the predominance of pn blades and framing 
texture. The round black cavities in the sulfides are either silicates or represent cavities 
that once contained MMIs that have been plucked during polishing. po = pyrrhotite, pn = 
pentlandite, m = Fe,Ni metal. 
Sulfide-rimmed metal (SRM) grains 
 The SRM grains are characterized by containing an Fe,Ni metal (kamacite) core 
rimmed with sulfides. They are less common than the PPI grains in both CM and CR 
chondrites (CMs: 93.79% are PPI and 6.21% SRM; CRs: 60.7% are PPI and 39.3% 
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SRM) and are more common in CRs than CMs. These grains were observed in all the 
CMs studied and all the CRs, with the exception of MET 00426. The assemblages are 
often elliptical or elongate with the kamacite cores ranging in size from 10 to 200 µm for 
their semi-major axis and from 5 to 70 µm for their semi-minor axis. The sulfide rims are 
often discontinous and vary in thickness from <5 to 50 µm. 
In CMs (Fig. 2.6), SRM grains are smaller, on average, and only occur in the 
matrix. These assemblages often have polycrystalline sulfide rims (Fig. 2.6b, c, e, f, h). 
The sulfide rims in both meteorite groups can contain exsolution textures. In CMs, these 
textures include small patches, blades, snowflake (Fig. 2.6f), and rods, but some grains 
do not contain any exsolution textures. In CRs (Fig. 2.7), SRM grains only occur in 
association with chondrules. They are located along rims of type IA chondrules. Sulfide 
rims are often absent on the portion of the assemblage that is in contact with the 
chondrule (Fig. 2.7a, c). In CRs, exsolution textures include patches, blades, framing, and 
rods. Near sulfide-metal boundaries, we observed Ni enrichments within both the sulfide 
and the metal. This is illustrated in EDS X-ray maps of SRM grains in CM QUE 97990 
(Fig. 2.8), CR EET 92042 (Fig. 2.9), and CR Renazzo (Fig. 2.10). Chromite (Fig. 2.8d) 
and phosphate grains are present in zones between the metal and sulfide (Fig. 2.10d) and 
between the Ni-rich and Fe-rich metals (Fig. 2.9d). 
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Figure 2.6. BSE images of SRM grains from CMs (a–f) QUE 97990, (g–h) Mighei, and 
(i) Murchison. All assemblages occur as isolated grains in the matrix. Pyrrhotite tends to 
be granoblastic and fractured at grain boundaries. Boundaries between the sulfide and the 
metal are complex containing intergrowths of metal, sulfide, and silicates. po = 
pyrrhotite, pn = pentlandite, m = Fe,Ni metal, alt = altered phase. 
The kamacite cores of SRM grains are largely inclusion free, with the exception 
of some SRM grains from CMs Murchison and Murray. In these grains, kamacite appears 
to contain sulfide inclusions (Fig. 2.6i). EET 92042,35 (CR) contains several SRM grains 
associated with type IA chondrules that appear to contain inclusions of a low-Z phase 
(Fig. 2.7e, f and Fig. 2.9). These inclusions are too small (submicron) to analyze via 
WDS on the electron microprobe or to distinguish on EDS X-ray maps. We analyzed the 
inclusions using EDS spot analyses on a FEGSEM. The resulting spectra showed a higher  
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Figure 2.7. BSE images of SRM grains from CRs in type I chondrules from QUE 99177 
(a–c), EET 92042 (d–f), and Renazzo (g–i). Patches and rods of pn are present in the po 
surrounding the Fe,Ni metal cores (c, f, i). Kamacite in the least-altered CRs QUE 99177 
and EET 92042 appears to be altering. This may be the result of terrestrial alteration. 
However, in the most-altered CR studied, Renazzo, both kamacite and pyrrhotite show 
alteration to iron carbides (present as both a light gray and dark gray phase) and 
magnetite, respectively. The dirty appearance of the metal in (e, f) is due to the presence 
of numerous submicron pits. po = pyrrhotite, pn = pentlandite, m = Fe,Ni metal, ic = iron 
carbides, mgt = magnetite, alt = altered phase. 
carbon peak compared to adjacent portions of the metal that were inclusion-free. 
Transmission electron microscope observations on a FIB section extracted from one of 
these C-inclusion SRM grains revealed an absence of inclusions in the metal with depth. 
Instead, these appear to be surficial features limited to the top several nanometers of the 
sample and are likely a sample preparation artifact. 
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Figure 2.8. EDS X-ray maps of an SRM grain from CM QUE 97990. Iron is represented 
as green, Ni and Cr as red, and S, P, and O as blue. (b & c) reveal the presence of P- and 
Ni-rich metals along the sulfide-metal boundary. (d) reveals the presence of chromite in 
the region between the metal and sulfide. po = pyrrhotite, pn = pentlandite, m =Fe,Ni 
metal, chr = chromite. 
Nearly every CR SRM grain observed in this study shows evidence of alteration. 
In some cases, the alteration only affects the kamacite where it is altering to a Fe oxide, at 
the metal-sulfide boundaries (Fig. 2.7a, c, f). This is true of SRM grains in the least-
altered CRs, QUE 99177 and EET 92042. In these samples, the alteration is likely 
terrestrial in origin, owing to the presence of iron veining associated with the alteration. 
The SRM grains in Renazzo, however, show evidence of replacement of both the 
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kamacite (to magnetite and/or iron carbide) and sulfide (to magnetite) portions of the 
grains (Fig. 2.7h, 2.7i, 2.10b). This is likely parent body aqueous alteration, given the 
higher degree of alteration of Renazzo, as compared to QUE 99177 and EET 92042, and 
the higher abundance of magnetite in the sample overall (Harju et al., 2014; Howard et 
al., 2015; Schrader et al., 2015). Here we focus only on the unaltered, pristine features of 
the grains (i.e., kamacite, pyrrhotite, and pentlandite). 
 
Figure 2.9. EDS X-ray maps of SRM grain from CR EET 92042. Iron and O are 
represented as green, Ni and Ca as red, and S and P as blue. (c) reveals the presence of 
Ni-rich metal and pentlandite near the sulfide-metal boundaries. (d) reveals the presence 
of a small Ca phosphate grain at the boundary between the Ni-rich and Ni-poor metals. 
po = pyrrhotite, pn = pentlandite, m =Fe,Ni metal, phos = phosphate. 
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Figure 2.10. EDS X-ray maps of SRM grain from CR Renazzo. Iron and O are 
represented as green, Ni and Ca as red, and S and P as blue. (c) reveals the presence of 
pentlandite near the sulfide-metal boundaries. (d) reveals the presence of small Ca 
phosphate grains in the regions between the metal and sulfide. po = pyrrhotite, pn = 
pentlandite, m =Fe,Ni metal, phos = phosphate. 
Compositions 
Individual phases 
 Table 2.6 presents representative electron microprobe analyses of pyrrhotite, 
pentlandite, and metals in the PPI, MMI-PPI, MMI-rich PPI, and SRM grains. See 
Appendix II for a complete set of the data. The data are presented graphically in Figures 
2.11–15. Figures 2.11–13 display individual electron microprobe analyses of sulfide and 
metal compositions in Fe-Ni-S ternary diagrams at 450°C with phase fields from 
Kitakaze et al. (2011).  
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Table 2.6. Representative EPMA spot analyses (in wt. %) of individual phases in PPI, MMI-PPI, MMI-rich PPI, and SRM 
grains in CM (QUE 97990) and CR (EET 92042, Renazzo) chondrites.  
 Textural Group Grain Phase P S Cr Fe Co Ni Total 
CM 
PPI QUE97_C18S1b 
Pn (sn) 
na 33.27 0.03 41.21 0.79 23.43 98.7 
na 34.02 0.04 43.02 0.81 21.98 99.9 
Po 
na 36.96 0.04 63.12 0.06 0.39 100.6 
na 36.86 0.05 62.83 0.05 0.35 100.1 
na 36.31 0.04 62.19 0.08 0.53 99.2 
na 36.91 0.05 63.28 0.10 0.32 100.7 
na 37.05 0.05 63.04 0.05 0.45 100.7 
MMI-PPI QUE97_S13 
M 
bdl 0.06 0.01 41.15 1.70 55.08 98.0 
bdl 0.30 bdl 42.85 1.82 52.94 97.9 
bdl 0.52 bdl 41.40 1.79 55.42 99.1 
Pn (sn) 
na 33.89 bdl 42.52 0.89 22.02 99.3 
na 33.70 bdl 44.29 0.83 20.10 98.9 
na 33.85 bdl 43.48 0.93 20.69 99.0 
Po 
na 36.14 bdl 62.62 0.17 0.73 99.7 
na 36.12 bdl 62.92 0.16 0.54 99.7 
na 36.32 bdl 63.11 0.16 0.67 100.3 
na 35.94 bdl 62.90 0.14 0.80 99.8 
na 35.93 bdl 62.92 0.13 0.60 99.6 
MMI-rich PPI QUE97_C3S1 
M bdl 14.09 0.02 51.96 1.10 28.99 96.2 
Pn (sn) na 34.90 0.25 47.58 0.99 16.18 99.9 
Po 
na 36.63 0.02 63.08 0.09 0.52 100.3 
na 35.95 0.02 63.38 0.09 0.79 100.2 
na 36.81 0.05 63.20 0.07 0.42 100.6 
na 36.18 0.50 61.89 0.09 1.04 99.7 
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 Textural Group Grain Phase P S Cr Fe Co Ni Total 
CM SRM 
QUE97_S40 
Po bdl 36.44 0.07 61.40 0.03 0.10 98.1 
M 
na 0.01 na 95.58 0.23 5.20 101.4 
na 0.01 na 95.33 0.25 5.36 101.1 
QUE97_S39 M 
na 0.08 na 93.69 0.23 4.87 99.42 
0.36 0.05 0.40 92.91 0.26 5.25 99.23 
CR 
PPI Renazzo_C9S1 
Pn 
na 34.00 0.07 37.06 1.24 26.33 99.1 
na 33.76 0.06 35.97 1.25 27.52 98.7 
na 33.65 0.02 34.31 1.21 28.83 98.3 
Po 
na 36.64 0.07 60.02 0.17 3.16 100.2 
na 36.27 0.08 58.07 0.25 4.65 99.5 
na 36.65 0.08 61.03 0.08 1.47 99.4 
MMI-PPI EET_C1S1 
M 
bdl bdl na 46.81 1.37 53.54 102.3 
bdl bdl na 68.77 1.91 30.03 100.2 
Pn (sn) 
na 34.08 0.07 47.04 0.48 16.70 98.4 
na 32.53 0.06 37.51 0.51 26.53 97.2 
Po 
na 35.81 0.04 60.56 0.17 1.57 98.2 
na 36.05 bdl 60.25 0.18 1.61 98.2 
na 35.93 0.05 60.57 0.16 1.38 98.2 
na 35.93 bdl 60.66 0.18 1.47 98.2 
SRM EET_C3S1 
M 
0.07 0.02 0.07 92.45 0.28 6.15 99.2 
0.06 0.02 0.08 92.65 0.27 6.22 99.4 
0.09 0.01 0.06 92.51 0.31 6.30 99.5 
bdl 0.51 0.03 79.80 0.61 17.39 98.5 
Ni-rich m na 0.51 0.03 79.80 0.61 17.39 98.5 
Pn 0.02 29.58 0.05 41.10 0.18 25.79 96.7 
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 Textural Group Grain Phase P S Cr Fe Co Ni Total 
CR SRM EET_C3S1 Po 
na 36.39 0.11 62.40 0.12 0.98 100.0 
na 36.13 0.10 62.06 0.10 1.04 99.4 
na 35.91 0.07 62.51 0.10 0.90 99.5 
na 35.71 0.10 62.54 0.12 0.82 99.3 
* QUE97 = QUE 97990, QUE 99 = QUE 99177, EET = EET 92042, po = pyrrhotite, pn = pentlandite, sn = snowflake, m = metal, MMI = micron-metal 
inclusion, bdl = below detection limit, na = not analyzed 
§ Note, no analytical data were collected on MMI-rich PPI grains in CRs. MMI analyses are averages of 2-3 spot analyses and have been corrected for 
secondary fluorescence. 
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Figure 2.11a compares sulfide analyses for all four textural groups in both CM 
and CR chondrites on one diagram. The homogeneity of the CM SRM pyrrhotite (gray 
squares in Fig. 2.11a) is evident from the close clustering of the points and contrasts 
sharply with the PPI, MMI-PPI, MMI-rich PPI, and CR SRM grains’ pyrrhotite 
compositions. CM and CR pyrrhotites, denoted by gray versus white symbols, 
respectively, are similar; however, the pentlandite in the CR chondrites appears to be 
slightly more enriched in S and Ni than pentlandite in the CM chondrites. 
The PPI grains in both CM (Fig. 2.11b) and CR (Fig. 2.11c) chondrites show 
variations in Fe-Ni-S contents of pyrrhotite and pentlandite, both between grains and 
within the same grain. Differences between grains are larger, however. The more Ni-rich 
pyrrhotite data points (up to 6.06 at. %) are likely to be analyses of pyrrhotite which 
contains submicron rods of exsolved pentlandite that overlap with the electron beam. The 
data points which plot near the pentlandite phase field on the diagram come from 
pentlandite patches with the snowflake texture or from smaller patches of pentlandite that 
likely overlapped with adjacent pyrrhotite. Both situations result in analyses with Ni 
contents lower than the most Ni-poor compositions expected for pentlandite at a given 
temperature and also contribute to some of the variation in pentlandite compositions 
within a single grain. 
Analyses from MMI-PPI and MMI-rich PPI grains in CM and CR chondrites are 
included in the same ternary diagrams (Fig. 2.11d). Analyses from SRM grains in CM 
and CR chondrites are also represented (Fig. 2.11e). For all three textural groups, the 
pyrrhotite and pentlandite analyses show compositions and variations similar to the PPI 
grains. The metal compositions for the MMI-PPI and MMI-rich PPI grains are from the 
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MMIs. They are very Ni-rich (up to 55.5 at. %), and largely the γ phase (taenite), 
especially when compared to the metal analyses from the SRM grains, which are largely 
the α phase (kamacite), although rarer taenite grains with up to 25.9 at. % Ni also occur. 
The majority of SRM metal compositions, however, have lower Ni contents (5.1 at. %, 
on average). 
 
Figure 2.11. Fe-Ni-S ternary diagram (in atomic percent) illustrating the variation in 
compositions within and between (a) sulfides from all grains, (b) sulfides from PPI grains 
in CM chondrites, (c) sulfides from PPI grains in CR chondrites, (d) sulfides and metals 
from MMI-PPI grains in CM and CR chondrites, and (e) sulfides and metals from SRM 
grains in CM and CR chondrites. Each data point represents an individual spot analysis of 
pyrrhotite, pentlandite, or metal. For (a), circles = PPI and MMI-PPI grains, squares = 
SRM grains, gray = CMs, white = CRs. For (b−e), circles = sulfides, triangles = metals, 
closed = CMs, open = CRs withthe same color in a single diagram indicating analyses are 
from the same grain/assemblage. Phase fields are from Kitakaze et al. (2011) for 450°C. 
Figure 2.12 illustrates individual phase analyses for CM and CR sulfides in PPI, 
MMI-PPI, MMI-rich PPI, and SRM grains in Co versus Ni (wt. % element) diagrams, 
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while Figure 2.13 does the same for CM and CR metals in Co versus Ni (at. % element) 
diagrams. Note that we were not able to obtain any analyses for CR MMI-rich grains and 
only have one metal analysis for a CM MMI-rich grain. Sulfide analyses vary in Co and 
Ni content, respectively, from <0.03 to 1.29 and <0.04 to 33.2 wt. % in PPI grains, 0.05 
to 0.93 and <0.04 to 26.5 wt. % in MMI-PPI grains, 0.07 to 0.99 and 0.40 to 16.2 wt. % 
in MMI-rich PPI grains, and <0.03 to 1.30 and 0.07 to 31.3 wt. % in SRM grains. Metal 
analyses vary in Co and Ni content, respectively, from 0.40 to 2.01 and 15.5 to 56.0 at. % 
in MMI-PPI grains and 0.18 to 0.86 and 3.68 to 25.9 at. % in SRM grains.  
 
Figure 2.12. Element-element plot (Co versus Ni in wt. %) displaying individual phase 
analyses of sulfides in (a) CM and (b) CR chondrite PPI, MMI-PPI, MMI-rich PPI, and 
SRM grains. Closed = CMs, open = CRs, blues = PPI/MMI-PPI/MMI-rich PPI, red = 
SRM. The dotted black line is the solar Co/Ni ratio (0.045 from Anders and Grevesse, 
1989). PPI grain sulfides show wider ranges in Co and Ni contents compared to the SRM 
grain sulfides in the CM chondrites. Clusters of CM and CR PPI po and pn analyses are 
from the same grain. 
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Figure 2.13. Element-element plot (Co versus Ni in at. %) displaying individual phase 
analyses of metals in CM and CR chondrite PPI, MMI-PPI, MMI-rich PPI, and SRM 
grains. Closed = CMs, open = CRs, blues = PPI/MMI-PPI/MMI-rich PPI, red = SRM. 
The dotted black line is the solar Co/Ni ratio (0.045 from Anders and Grevesse, 1989). 
PPI grain metals show wider ranges in Co and Ni contents compared to the SRM grain 
metals. 
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Comparing the CM and CR chondrite sulfide and metal compositions of PPI, 
MMI-PPI, MMI-rich PPI, and SRM grains between meteorite groups and textural groups, 
we note the following observations: 
The compositions of pyrrhotite and pentlandite in equivalent textural groups in 
the CM and CR chondrites show some variability. For the PPI grains, the sulfide 
compositions in both groups are largely similar with Co-Ni ratios greater than, equal to, 
or less than the solar ratio at high Ni contents (i.e., pentlandite) and with ratios most often 
greater than the solar ratio at low Ni contents (i.e., pyrrhotite) (Fig. 2.12). In contrast, for 
the MMI-PPI grains, pyrrhotite and pentlandite compositions in the CM and CR 
chondrites have different Ni and Co contents. For analyses that have low Ni contents (<5 
wt. %), CM PPI pyrrhotite has a steep Co-Ni trend, while CR PPI pyrrhotite has a Co-Ni 
trend that is greater than, but parallel, to the solar ratio. CM PPI pentlandite has a smaller 
range in Ni contents with higher Co contents overall, than CR PPI pentlandite. Metal 
grains in the CM and CR MMI-PPI grains have similar ranges in their Ni and Co 
contents, but their Co-Ni ratios differ. Grains in CM chondrites have Co-Ni ratios lower 
than the solar ratio, but form an array parallel to the solar line overall, whereas the CR 
metals have Co-Ni ratios that are mostly less than the solar ratio with the exception of 
one analysis. Similarly, there are also distinct compositional differences between 
pyrrhotite and metal in the CM and CR SRMs. 
A comparison of sulfide compositions between different textural types also 
reveals some notable differences. Pyrrhotite and pentlandite compositions in PPI, MMI-
PPI, and MMI-rich PPI grains differ in their Ni and Co contents with the highest 
observed in the pyrrhotite and pentlandite of the PPI grains, decreasing in the sequence 
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MMI-PPI >MMI-rich grains. The range in Ni and Co contents of these grains also 
similarly decreases from PPI to MMI-PPI to MMI-rich PPI grains. This is likely related 
to the existence and greater prevalence of Ni-rich metals in the MMI-rich grains. The 
SRM grains generally seem to have similar pyrrhotite and pentlandite compositions to all 
types of PPI grains, but show less variability in pyrrhotite in their Co and Ni contents and 
lower Co contents at high Ni (>25 wt. %) contents. Metals in SRM grains also show 
much less variation in their Co and Ni contents and more solar-like Co/Ni ratios than 
MMI-PPI and MMI-rich PPI grain metal grains.  
Bulk compositions 
In addition to individual phase analyses, we also determined the bulk 
compositions of several PPI and MMI-PPI grains, with the assumption that they were 
originally homogeneous sulfides, probably monosulfide solid solutions, prior to cooling 
and subsequent exsolution (see discussion). Doing so allows us to determine the range of 
bulk compositions of mss, so that we can better understand the primary chemical 
characteristics of these grains prior to exsolution. Additionally, bulk compositions 
provide a more robust means of comparison between meteorite and textural groups which 
are less sensitive to the effects of beam overlap on to adjacent phases or submicron 
exsolution features. The methods used to calculate bulk compositions were discussed in 
the Methods section. Table 2.7 summarizes the bulk compositional data; appendix III 
includes the calculations made to obtain the bulk values. Figure 2.14 compares the 
calculated bulk compositions (data points) with individual phase spot analyses 
(envelopes) for the same PPI, MMI-PPI, and SRM grains. 
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Table 2.7. Bulk compositional EPMA data (in wt. %) for (MMI-)PPI grains and SRM grain sulfides and metals 
(obtained using MRA) for CM (QUE 97990, Murchison, Murray) and CR (QUE 99177, MET 00426, EET 92042, 
Renazzo) chondrites. 
 Textural Group Phase Grain P S Cr Fe Co Ni Total 
CM 
PPI Bulk grain 
QUE97_C12S2 na 36.08 0.03 55.53 0.34 7.40 99.4 
QUE97_C18S1b na 35.44 0.04 51.51 0.44 12.15 99.6 
QUE97_S4 na 36.94 0.02 60.93 0.22 1.86 100.0 
QUE97_S11 na 36.24 0.03 48.78 0.53 13.47 99.1 
Murray552_S10 na 35.80 na 1.36 0.19 60.32 97.7 
Murray552_S13 na 35.58 na 1.68 0.25 60.04 97.6 
Murchison_S4 na 36.41 0.02 61.45 0.09 0.50 98.4 
Murchison_S6 na 36.38 0.03 58.88 0.31 2.76 98.3 
MMI-PPI Bulk grain QUE97_S13 na 34.88 bdl 43.44 0.51 20.37 99.2 
SRM 
Bulk metal 
Murchison_S11 0.20 0.02 na 91.87 0.22 4.96 97.1 
QUE97_S39 0.38 bdl 0.40 94.40 0.24 4.89 100.1 
QUE97_S40 0.20 bdl na 95.71 0.26 5.27 101.2 
Murray552_S25 0.14 0.04 na 94.15 0.21 4.34 98.7 
Bulk sulfide 
Murchison_S11 na na na na na na na 
QUE97_S39 na na na na na na na 
QUE97_S40 bdl 35.97 0.08 60.98 0.04 0.11 97.2 
Murray552_S25 bdl 36.51 0.10 59.99 0.02 0.07 96.7 
CR PPI Bulk grain 
EET_C4S1 na 36.17 0.11 61.09 0.15 1.16 98.6 
MET_C1S1 na 34.26 bdl 51.97 0.33 10.89 97.4 
MET_S7 na 35.61 bdl 55.81 0.29 5.38 97.1 
QUE99_C1S2 na 35.62 0.02 52.70 0.41 10.09 98.8 
QUE99_S2 na 36.71 0.05 63.34 0.11 0.30 100.4 
Renazzo_C9S1 na 35.92 0.07 54.44 0.40 8.40 99.2 
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 Textural Group Phase Grain P S Cr Fe Co Ni Total 
CR 
MMI-PPI Bulk grain 
EET_C1S1 na 34.49 0.03 59.30 0.25 4.20 98.3 
EET_C1S2 na 34.30 0.03 58.06 0.31 5.92 98.6 
SRM 
Bulk metal 
EET_C3S1 0.06 0.04 0.06 90.30 0.31 6.53 98.8 
EET_C3S2 0.09 0.01 0.08 91.64 0.32 6.98 99.1 
EET_C3S3 0.08 0.01 0.08 92.63 0.31 6.37 99.5 
EET_C3S6 0.09 0.02 0.08 92.70 0.29 6.31 99.5 
EET_C5S4 na na na na na na na 
Renazzo_C2S1 0.10 0.02 0.06 94.50 0.23 5.22 100.1 
Renazzo_C2S3 0.11 0.05 0.07 93.75 0.25 5.39 99.6 
Renazzo_C4S5 0.12 0.01 0.06 93.80 0.28 5.81 100.1 
QUE99_C3S1 0.17 0.02 0.13 96.35 0.21 4.32 101.2 
QUE99_C3S2 0.12 0.41 0.11 93.62 0.20 4.15 98.6 
QUE99_C3S4 0.14 0.04 0.12 96.58 0.20 3.92 101.0 
Bulk sulfide 
EET_C3S1 bdl 35.35 0.09 60.34 0.12 3.45 99.34 
EET_C3S2 bdl 35.89 0.06 61.73 0.10 1.67 99.46 
EET_C3S3 na 35.97 0.06 62.74 0.08 0.76 99.62 
EET_C3S6 na 35.97 0.08 62.34 0.11 0.83 99.33 
EET_C5S4 bdl 37.01 0.09 61.80 0.05 0.15 99.10 
Renazzo_C2S1 bdl 35.55 0.04 59.47 0.11 0.95 96.13 
Renazzo_C2S3 bdl 35.81 0.06 57.28 0.21 3.37 96.73 
Renazzo_C4S5 bdl 35.74 0.04 57.89 0.19 3.73 97.59 
QUE99_C3S1 bdl 36.13 0.08 60.63 0.10 2.72 99.67 
QUE99_C3S2 na 34.95 0.08 51.27 0.34 12.02 98.67 
QUE99_C3S4 bdl 36.22 0.09 60.87 0.15 2.48 99.83 
* QUE97 = QUE 97990, QUE 99 = QUE 99177, MET = MET 00426, EET = EET 92042, bdl = below detection limit, na = not analyzed 
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Figure 2.14. Co versus Ni (in wt. % for sulfides and at. % for metals) plots of calculated 
bulk compositions of (a) PPI, MMI-PPI, and the sulfide portion of SRM grains in CM 
chondrites, (b) PPI, MMI-PPI, and the sulfide portion of SRM grains in CR chondrites, 
(c) metal portion of SRM grains in CM chondrites, and (d) metal portion of SRM grains 
in CR chondrites. Circles = bulk sulfides, triangles = bulk metals, closed = CMs, open = 
CRs, blues = PPI/MMI-PPI, red = SRM. Envelopes represent the range defined by 
individual electron microprobe spot analyses from Figures 12 and 13 of the grains for 
which bulk compositions were calculated. The dashed black line represents the solar 
Co/Ni ratio (from Anders and Grevesse, 1989). Error bars are 1σ. Nearly all of the bulk 
compositions fall within the envelopes defined by the individual analyses. 
As expected, the bulk compositions that represent mixtures of variable 
proportions of pyrrhotite and pentlandite (i.e. the PPI and MMI-PPI grains and the sulfide 
and metal portions of the SRM grains) lie within the envelope for the individual analyses. 
The PPI grains in CMs and CRs have similar ranges, although the low-Ni grains (<6 wt. 
%) in CMs tend to have higher Co contents compared to their CR counterparts. We 
calculated the bulk composition for one MMI-PPI grain in a CM chondrite. As Figure 
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2.14a illustrates, the presence of the MMIs has a profound effect on the bulk composition 
of the grain despite the fact that these MMIs are a small volume fraction of the overall 
grain. The sulfide portion of the SRM grains has lower Ni and Co contents compared to 
the PPI grains, consistent with similar observations in the individual analyses of the 
sulfide in the SRM grains. At lower Ni contents (<6 wt. %), PPI and the sulfide portion 
of the SRM grains have Co/Ni ratios greater than the solar value (plot above the solar 
ratio line), while at higher Ni contents (>6 wt. %), the Co/Ni ratios are less than the solar 
value (plot below the solar ratio line). Figure 2.14c–d depicts the bulk compositions for 
the metal portions of the SRM grains, and similar to the individual analyses of these 
grains (Fig. 2.13), the bulk compositions have a small degree of variation and lie near the 
solar Co/Ni ratio. 
Discussion 
We have performed a comprehensive study of a large number of sulfide grains, 
dominantly pyrrhotite-pentlandite grains, from a suite of CM and CR chondrites. In the 
following sections, we compare and contrast sulfides in the two meteorite groups and 
evaluate their possible origins based on their compositional and textural characteristics. 
Our study provides information on an extensive suite of grains from several CM 
chondrites representing a range in degree of alteration. Doing so provides a much more 
detailed picture of the occurrence and textural diversity of sulfide grains within meteorite 
samples that experienced different degrees of alteration. This work also adds further to 
data on Fe-Ni sulfides in CR chondrites (e.g., Schrader et al., 2015) and allows 
comparisons to be made between sulfides in the two different meteorite groups. 
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Comparisons of Textural Groups between the CM and CR Chondrites 
 Before discussing the possible formation mechanisms of the sulfide grains in CM 
and CR chondrites, it is important to compare and contrast the occurrence and 
characteristics of the different textural groups between the two meteorite groups. This 
information was presented in previous sections, but is summarized briefly in the 
following section (Table 2.8).  
Table 2.8. Summary of sizes and proportions of four sulfide textural groups identified in 
this study in CM and CR chondrites 
Textural Group Size (µm) n Relative % CM CR CM CR CM CR 
PPI 10–100 10–200 176 54 86.7 49.1 
MMI-PPI 10–50 10–200 14 15 6.9 13.6 
MMI-rich PPI 10–50 10–50 4 6 2.0 5.5 
SRM 20–45 15–200 9 35 4.4 31.8 
 
The CM and CR chondrites both contain PPI, MMI-PPI, and MMI-rich PPI grains 
that occur in type IIA chondrules and as isolated grains in the matrix. The PPI grains 
reach larger sizes in CR chondrites, up to 200 µm compared to 100 µm in CM chondrites. 
Of the four textural sulfide groups that we have identified, PPI grains occur in higher 
proportions in CM chondrites (86.7% compared to 49.1% in CRs). This may simply be 
because type IIA chondrules and matrix are more abundant in CM chondrites (e.g., Scott 
and Krot, 2005; Weisberg et al., 1993; Schrader et al., 2015). The MMI-PPI grains also 
reach much larger sizes in CR chondrites, up to 200 µm compared to 50 µm in CM 
chondrites, and also occur in higher proportions (13.6% compared to 6.9% in CMs). The 
MMI-rich PPI grains are similar sizes in both meteorite groups. Additionally, they are the 
least abundant textural group (2.0% in CMs and 5.5% in CRs). Despite these differences, 
the overall characteristics of the PPI, MMI-PPI, and MMI-rich PPI grains are strikingly 
similar between the two meteorite groups. The PPI grains are the most abundant, 
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followed by the MMI-PPI, and lastly the MMI-rich PPI. Most importantly, the exsolution 
textures of these grains are analogous (Figs. 2.1–2.5). Compositionally, the PPI, MMI-
PPI, and MMI-rich PPI grains are also comparable between the two meteorite groups 
(Figs. 2.11, 2.12) though the pentlandite in the CR chondrites is more S- and Ni-rich. The 
combination of these similarities between otherwise texturally and chemically distinct 
meteorite groups leads us to the conclusion that these grains formed by similar 
mechanisms. 
The SRM grains are texturally distinct between the two meteorite groups. In CM 
chondrites, they only occur in the matrix and have a maximum size of 45 µm. In CR 
chondrites, SRM grains only occur in chondrules, mostly type IA, and reach up to 200 
µm. They are significantly more common in CR chondrites (31.8% compared to 4.4% in 
CMs), due to the fact that a) chondrules are more abundant in CR chondrites (Scott and 
Krot, 2005) and b) type IA chondrules are also significantly more abundant than type IIA 
chondrules in CR chondrites (Weisberg et al., 1993; Schrader et al., 2015). The sulfide 
rims on the CM SRM grains are more fragmented than their CR counterparts and often 
contain intergrowths of other phases (Fig. 2.6). The exsolution textures in the SRM grains 
also vary between the two meteorite groups; in CMs, blades, rods, and the snowflake 
texture dominate, while in CRs, rods and the framing texture are the most prevalent. In 
X-ray elemental maps, both CM and CR SRM grains show the presence of pentlandite at 
the pyrrhotite-metal boundaries (Figs. 2.8b, 2.9c, 2.10c); however, CM SRM grains also 
contain chromite in these regions (Fig. 2.8d), whereas CR SRM grains contain small 
phosphates (Figs. 2.9d, 2.10d).  
Additionally, CM SRM grains contain P,Ni-rich metal near the pyrrhotite-metal  
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boundaries (Fig. 2.8c), whereas CR SRM grains contain just Ni-rich metal (Figs. 2.9c,  
2.10c). The sulfides in the CM SRM grains have much less variation in Co and Ni 
compared to their CR counterparts, but this may simply be due to the smaller number of 
pentlandite analyses obtained from these grains due to their small sizes. The metal 
analyses for both groups are similar with the CM chondrite metals having a smaller range 
in Co and Ni abundances. We discuss the possible origin of these SRM grains in CM and 
CR chondrites in a following subsection. 
Formation Mechanisms of Pyrrhotite-Pentlandite Intergrowth Grains 
 Previously, most workers had argued that sulfides in CM chondrites were 
secondary in origin, produced by interaction of fluids with primary sulfide phases such as 
troilite. Recently, however, several studies have provided data supporting the hypothesis 
that primary grains, formed in the solar nebula, are present in CM chondrites. In this 
study, we have shown that sulfides which are likely primary in origin are widespread 
among the least- and moderately-altered CM chondrites. This study shows that the 
textures present in CM PPI grains share many common similarities to sulfides in CR 
chondrites, which have also been argued to be of primary origin by Schrader et al. (2015, 
2016). The pyrrhotite-pentlandite exsolution textures present in PPI grains cannot form 
by any known secondary aqueous alteration process. They are definitively the result of a 
solid state process operating at moderate temperatures (<600°C) with the possible 
exception of the snowflake texture (Boctor et al., 2002; Brearley and Martinez, 2010; 
Maldonado and Brearley, 2011; Harries and Langenhorst, 2013), based on numerous 
studies of terrestrial magmatic sulfide deposits (e.g., Hawley and Haw, 1957) and in 
experimental works (e.g., Misra and Fleet, 1973; Durazzo and Taylor, 1982; Kelly and 
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Vaughan, 1983; Etschmann et al., 2004). In addition, the very weakly-altered CRs 
featured in this study (i.e., QUE 99177, MET 00426, and EET 92042) contain the same 
sulfide microstructures as the more heavily-altered CMs (e.g., Murray and Mighei), 
evidence which is also inconsistent with a secondary alteration origin. 
In both CM and CR chondrites, the PPI grains most commonly occur in type IIA 
porphyritic, and less commonly barred, chondrules, clearly linking them to the formation 
of these chondrules (Brearley and Martinez, 2010; Schrader et al., 2015). As mentioned 
previously, PPI grains are mostly located in chondrule rims in chondrules with coarser-
grained olivine and in chondrule interiors in chondrules with finer-grained olivine. The 
presence of fine-grained olivine grains in some chondrules indicates that these chondrules 
cooled rapidly. In addition, the presence of sulfides suggests that the period of time these 
chondrules spent about the liquidus was short, and hence there was inadequate time for 
sulfide melts to form and migrate to the exterior of the chondrule or for sulfur to be lost 
by evaporation. The type IIA chondrules display a wide variation in their sulfide 
abundances with some chondrules having no sulfides and others having greater than 12 
vol. %.  
There are several possible reasons for the observed variation in sulfide contents. 
Variations could be a function of the precursor materials that went into forming the 
chondrule; some regions of the solar nebula had greater proportions of sulfur since the 
system was heterogeneous (e.g., Stevenson, 1990), due to a heterogeneous distribution of 
S in the precursor dust, or due to variable thermal processing and loss of volatile S. 
Another possible reason for sulfide heterogeneity involves oxygen fugacity. Pasek et al. 
(2005) found through chemical modeling that oxygen fugacity can greatly affect the 
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molecular form that sulfur takes in the solar nebula (e.g., in the gaseous state as either 
H2S or SiS and in the solid state as either FeS, MgS, or CaS). Variations in fO2 within the 
nebula could have affected the amount of sulfide which formed and was incorporated into 
chondrule precursors. Also, sulfur contents could vary as a consequence of volatile loss 
that could have occurred during chondrule formation. This idea is supported by the 
presence of sulfides in the rims of the coarser-grained type IIA chondrules since this 
implies that sulfur could have been lost from the edges of the chondrules. 
Chondrule formation involved flash heating which is estimated to have peak 
temperatures of about 1770 K to 1970 K for type IIA chondrules (Jones, 1990; 1996; 
Connolly and Jones, 2016). There has been considerable debate on how sulfur could have 
been retained and avoided volatilization from the chondrules at such high temperatures 
(Yu et al., 1994). One possibility involves having regions of high nebular pressure with 
enrichment of solids relative to gas (i.e., dust enrichment) (Alexander et al., 2008). These 
conditions increase the condensation temperature of S from ~700 K at 10-3 bars with no 
dust enrichment to 1330 K at 10-6 bars with a dust enrichment of 500×, relative to a 
system of solar composition (Ebel and Grossman, 2000). 
During flash heating, chondrule precursor materials melted. This melt included a 
silicate fraction and a Fe-Ni-S fraction which were immiscible with one another. The 
silicate melt cooled and crystallized all silicate phases (e.g., olivine, pyroxene) by about 
1420–1520 K (Hewins, 1988; Hewins and Connolly, 2005). The Fe-Ni-S melt cooled and 
crystallized a homogeneous monosulfide solid solution (mss, (Fe,Ni,Co)1-xS) at about 
1370 K (Kullerud, 1963). The possibility that mss crystallized at lower temperatures than 
the silicates could explain why the sulfides in chondrules are not always rounded. They 
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formed interstitially to the silicate phases and, as such, have morphologies controlled by 
the adjacent crystalline phases. At about 870 K, pentlandite began to form by exsolution 
from mss (Kitakaze et al., 2011).  
Studies of sulfides from terrestrial ore deposits have observed pyrrhotite-
pentlandite exsolution textures (e.g., Hawley, 1962), and experimental studies have 
produced these textures by cooling sulfide melts from high temperatures (Hawley and 
Haw, 1957; Misra and Fleet, 1973; Durazzo and Taylor, 1982; Kelly and Vaughan, 1983; 
Etschmann et al., 2004). All of the exsolution textures observed in this study in sulfides 
in CM and CR chondrites, with the exception of the snowflake texture, have been 
produced experimentally. 
Table 2.9. Comparison of PPI sulfide grain sizes and exsolution textures between matrix 
and type IIA chondrule grains in CM and CR chondrites. 
 Spatial Occurrence n Average Size (µm) 
Exsolution 
Textures 
CM Matrix 69 37.0 ± 16.2 p,b,l,f,s,r Type IIA 78 21.9 ± 15.3 p,b,l,f,s,r 
CR Matrix 11 42.5 ± 53.4 p,b,l,f,r Type IIA 32 55.5 ± 37.2 p,b,l,f,s,r 
 
The PPI grains also occur in the matrices of both CMs and CRs, although they 
more commonly occur in the matrix in the CMs. Table 2.9 compares the sizes and 
exsolution textures of CM and CR PPI grains located in the matrix and type IIA 
chondrules. The grain sizes of matrix versus chondrule grains within a meteorite group 
agree within error. The only difference between exsolution textures between matrix and 
chondrule sulfides is the absence of the snowflake texture in CR matrix PPI grains. This 
could simply be a sampling bias, however, because only 11 PPI grains were observed in 
the matrices of CR chondrites. Figure 2.15 illustrates the similarities in compositions of 
the CM and CR PPI grains from the matrix and type IIA chondrules. Matrix and 
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Figure 2.15. Co vs. Ni (in wt. %) plot illustrating the range in individual analyses for the 
PPI, MMI-PPI, and MMI-rich PPI grains located in matrices and type IIA chondrules of 
CM and CR chondrites. Matrix sulfides fall within the chondrule sulfide envelopes for 
CR chondrites, consistent with these grains having originally been located in chondrules. 
Sulfides from CM chondrites show a wider range in Co and Ni for matrix sulfides 
compared with chondrule sulfides though the majority of the matrix sulfide analyses do 
fall within the chondrule envelopes as well. Blue pattern = chondrule, red pattern = 
matrix, CMs = border, CRs no border. The data point symbols are the same as Figure 
2.12. 
chondrule PPI grain compositions for both meteorite groups largely overlap and agree 
within error, though several CM matrix PPI grains fall outside the CM chondrule PPI 
grain envelope. These similarities between the chondrule and matrix PPI grains imply 
that the matrix grains are derived from the type IIA chondrules. 
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Chondrule Cooling Rate Calculations 
We postulate that the matrix PPI sulfide grains originate from type IIA chondrules 
since the exsolution textures, sizes, and compositions of PPI grains in the matrices of CM 
and CR chondrites are essentially identical to those in type IIA chondrules,. The sulfide 
grains could have been released from chondrules as a result of collisions and 
fragmentation within the solar nebula or possibly as a result of regolith processes after 
accretion, similar to the process(es) responsible for isolated olivine grains present in the 
matrices of CM and CR chondrites. Assuming then that all PPI grains formed and cooled 
as an integral part of chondrules, their exsolution textures reflect the cooling history of 
chondrules and can be used to perform cooling rate calculations. 
Chondrule cooling rates for type II porphyritic chondrules have been determined 
previously using a number of different techniques. Dynamic crystallization experiments 
yield rates of 5–1500 K/hr (Lofgren and Russell, 1986), whereas olivine zoning yields 
rates of 5–100 K/hr (Jones and Lofgren, 1993). Information concerning lower 
temperature regimes (i.e., around the silicate solidus, T~1400 K) is more ambiguous. 
Plagioclase nucleation, trace element diffusion profiles in metal grains, and exsolution 
microstructures in clinopyroxene suggest that cooling rates decreased (<50 K/hr) as they 
approached the solidus; however, clinoenstatite microstructures, the presence of 
chondrule glass, textures in opaque assemblages, and chondrule olivine dislocation 
densities suggest that cooling rates were still rapid (1,000–10,000 K/hr) at these lower 
temperatures (Jones et al., 2018 and references therein). These cooling rates, however, 
only apply to a restricted temperature range (from the silicate liquidus to the silicate 
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solidus; 1400 K<T<1800 K) and tell us nothing about the cooling rates of chondrules at 
subsolidus temperatures (T <1400 K). 
Sulfides can provide information on the cooling rates of chondrules at 
temperatures below the onset of pentlandite exsolution at 1073 K (Kitakaze et al., 2011), 
a range of temperatures which cannot be readily accessed by any other cooling rate 
indicator. This information is important for assessing the low temperature cooling history 
of chondrules, which provides constraints on whether cooling was non-linear, and the 
ambient temperature of the nebular prior to and post chondrule-forming events. Different 
chondrule-formation models predict certain thermal constraints (e.g., ambient 
temperature, heating duration, peak temperature, cooling rates, etc.) that would be 
reflected in the cooling rates as determined from the chondrules (e.g., Ciesla, 2005; 
Desch et al, 2012). However, few of these models consider cooling rates below 1200 K. 
Only subsolidus cooling rates determined directly from chondrules can provide 
constraints on the ambient temperature of the nebula. 
Experimental studies of pyrrhotite-pentlandite exsolution can provide a qualitative 
assessment of relative cooling rates of sulfide grains. Both Kelly and Vaughan (1983) and 
Durazzo and Taylor (1982) produced po-pn exsolution textures similar to those observed 
in the PPI grains by cooling of homogeneous mss (with similar bulk compositions to 
those of the PPI grains). Kelly and Vaughan (1983) performed isothermal annealing 
experiments at 673 K over time periods ranging from 1 hour to 3 months, while Durazzo 
and Taylor (1982) performed annealing experiments at 673 K and 473 K over time 
periods ranging from 20 minutes to 5 weeks.  
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Kelly and Vaughan (1983) determined that heterogeneous nucleation (resulting in 
exsolution textures such as pn patches and blades) precedes homogeneous nucleation 
(resulting in exsolution textures such as pn lamellae and rods) for all bulk compositions 
of mss that they studied. The general trend over time involved the formation of 
pentlandite patches, followed by blades and then lamellae. They also determined that 
pentlandite rods form at very low temperature where diffusion rates are slow and 
significant exsolution is inhibited. Figure 2.16 depicts a time-temperature-transformation 
plot developed by Kelly and Vaughan (1983) which illustrates the relative time and 
temperature formation conditions for the pyrrhotite-pentlandite exsolution textures. 
Grains displaying only patches and blades experienced more rapid cooling histories (e.g., 
line C in Fig. 2.16), while grains with patches, blades, lamellae, and rods have slower 
cooling histories (e.g., line D in Fig. 2.16). The absence or presence of these textures 
provides constraints on the thermal history of the sulfides. 
Durazzo and Taylor (1982) provided more quantitative constraints on sulfide 
cooling rates. They produced pyrrhotite-pentlandite exsolution textures such as patches, 
blades, and lamellae by cooling mss of different compositions (i.e., different metal-
sulfide ratios) from 773 K to 373 K at a rate of 1 K/hr. However, it is apparent from the 
types of exsolution textures and proportions of pyrrhotite to pentlandite that the PPI 
grains we observe experienced different cooling rates and/or had different initial bulk 
compositions. Both of these factors will affect the rate of exsolution and the subsequent 
textures that develop (Etschmann et al., 2004). The cooling rate obtained by Durazzo and 
Taylor (1982) acts as a useful comparison to determine if our own cooling rate 
calculations are within this general range.  
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Figure 2.16. Time-temperature-transformation (TTT) plot for pyrrhotite-pentlandite 
exsolution textures after Kelly and Vaughan (1983). A–D refer to example paths which 
would result in the formation of different exsolution textures. A = no exsolution, B = pn 
patches, C = pn patches and blades, and D = pn patches, blades, lamellae, and rods. 
For our cooling rate calculations, we utilized the experimental data of Etschmann 
et al. (2004). In their work, they performed in situ cooling of four different compositions 
of mss (Fe:Ni of 70:30, 80:20, 85:15, and 90:10) from 873 K to 623 K and determined the 
amount of pentlandite that exsolved over different time intervals. To calculate the cooling 
rates of our PPI grains, we compared the bulk compositions and proportions of 
pentlandite in our PPI grains to the experimental data of Etschmann et al. (2004) in order 
to obtain a change in temperature with time. It is important to note that this is only a 
generalized evaluation of cooling rates due to a number of constraints and uncertainties 
that the use of Etschmann et al.’s (2004) data introduces. These include the experimental 
set up for the cooling, the complexity in the kinetics of pentlandite exsolution, and the  
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strong effect that differences in bulk metal/sulfur ratio have on exsolution.  
Etschmann et al.’s (2004) in situ cooling experiments consisted of cooling a 
sample to the target temperature and then maintaining that temperature while the 
proportion of exsolved pentlandite was measured over successive time steps. 
Additionally, they define time zero as the onset of exsolution. This method serves the 
purpose of their study but does not reflect the way in which the mss in the CM and CR 
chondrites cooled. Etschmann et al. (2004) also point out that cooling rates can only be 
derived from pentlandite exsolution if its exsolution from mss is an isokinetic process 
which, they show, it is not. Lastly, Etschmann et al. (2004) use a bulk metal/sulfur ratio 
of 1, whereas most of our values are either above or below this (Table 2.10). For M:S <1 
or alternatively an increase in S fugacity, the rate of exsolution decreases (Kelly and 
Vaughan, 1983; Etschmann et al., 2004); therefore, the cooling rates can differ 
significantly. All of these considerations place a caveat on our calculated cooling rates; 
however, as no other experimental data currently exists, our calculations at least act as a 
semi-quantitative comparison to the more qualitative observations of cooling rates by 
Durazzo and Taylor (1982) and Kelly and Vaughan (1983).  
The bulk compositions of the PPI grains were determined using MRA 
calculations as described previously; the proportions of pentlandite were determined as 
area fractions of the grain using the thresholding function on BSE images within ImageJ. 
The compositions of our PPI grains, in terms of Fe:Ni (in at. %), range from 98:2 to 
69:31. When assigning appropriate Fe:Ni ratios to our bulk compositions, we rounded our 
data to the closest interval used by Etschmann et al. (2004) in their experiments. 
Uncertainties for these calculations come from a combination of the MRA calculations, 
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which themselves are a function of EPMA analyses, and from determining the 
proportions of pentlandite in the grains. The variation in the calculated proportion of 
pentlandite is likely to be a larger source of uncertainty, and altering the proportions by as 
much as 10% can result in a cooling rate that changes very little or by as much as a factor 
of two. A conservative estimate for the error on these calculations is then an order of 
magnitude. 
The results are presented in Table 2.10 and Figure 2.17. CM chondrite PPI and 
MMI-PPI grain cooling rates range from <28 to 64 K/hr, whereas CR chondrite PPI and 
MMI-PPI grain cooling rates range from 38 to 82 K/hr. Schrader et al. (2016) also 
calculated cooling rates for 41 CR chondrite sulfides using the data of Etschmann et al. 
(2004) and determined a range of cooling rates from 48 to 344 K/hr. Our values agree 
with these results within uncertainty though they fall at the slower end of the range of 
cooling rates. 
CM PPI grain cooling rates are slower than CR PPI grains, and both meteorite 
groups show a difference in cooling rates for PPI grains in chondrules and matrix. The 
differences are not consistent across the groups, however, with CM PPI grains from 
chondrule having slower rates than those in the matrix, and CR PPI grains the matrix 
having slower rates than those in chondrules. This may be a result of a sampling size bias 
due to the limited number of grains for which we were able to calculate a cooling rate. 
The MMI-PPI grains in CR chondrites appear to have similar cooling rates to PPI grains 
implying that the thermal histories of the two textural groups must be largely similar. The 
MMI-PPI grains in the CM chondrites, on the other hand, are faster than those of the PPI 
grains, though this value comes from a single MMI-PPI grain. Taking all the 
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uncertainties into account, all aforementioned cooling rates largely agree with one 
another and with the experimental work of Durazzo and Taylor (1982). 
Table 2.10. Cooling rates of PPI and MMI-PPI grains in CM and CR chondrites. 
 Grain 
Type Grain 
Spatial 
Occurrence M:S 
Fe:Ni 
Actual 
Frac. 
Pn 
Cooling 
Rate 
(K/hr) 
CM PPI 
QUE97_C12S2 Type IIA 1.00 89:11 0.27 <28 
QUE97_C18S1b† Type IIA 1.03 82:18 0.34 <35 
QUE97_S4 Matrix 0.98 97:3 0.08 40 
Murray552_S13† Matrix 1.00 97:3 0.05 39 
Murray552_S10† Matrix 0.99 98:2 0.05 39 
QUE97_S11 Matrix 0.98 79:21 0.27 38 
MMI-PPI QUE97_S13† Matrix 1.03 86:14 0.20 64 
CR 
PPI 
Renazzo_C9S1 Type IIA 1.00 87:13 0.19 82 
QUE99_C1S2 Type IIA 1.01 85:15 0.26 53 
MET_C1S1† Type IIA 1.05 83:17 0.41 <50 
MET_S7 Matrix 0.99 92:8 0.09 42 
MMI-PPI EET_C1S1† Type IIA 
1.06 94:6 0.06 38 
EET_C1S2† Type IIA 1.07 91:9 0.09 41 
† = Contains the snowflake texture 
* QUE97 = QUE 97990, QUE 99 = QUE 99177, MET = MET 00426, EET = EET 92042, Frac. = fraction, 
M:S = metal/sulfide ratio (defined as Fe+Ni+Co/S, in at. %) 
 
The cooling rates calculated have the potential to shed more light on chondrule 
formation mechanisms since they apply over a temperature range not previously studied 
(i.e., at temperatures below which pentlandite exsolution occurs, 1073 K). This 
information helps place constraints on the ambient temperature of the solar nebula during 
chondrule formation. The cooling rate of chondrules should slow as they approach the 
ambient temperature of the nebula consistent with Newton’s law of cooling: the rate of 
heat loss of an object is proportional to the differences in temperature between the object 
and its surroundings (e.g., Newton, 1701; Grigull, 1984). Our range of cooling rates of 28 
to 82 K/hr agrees with those for higher temperature ranges for type II porphyritic 
chondrules of 2 to 1500 K/hr (Lofgren and Russell, 1986; Jones and Lofgren, 1993; 
Weinbruch and Müller, 1995). This implies that cooling rates of chondrules did not  
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Figure 2.17. Ranges of calculated cooling rates for different groups of PPI and MMI-PPI 
grains (CM vs. CR, matrix vs. type IIA chondrule). Cooling rates determined by Schrader 
et al. (2016) for CR PPI grains in type IIA chondrules are also included for comparison. 
Our values agree with theirs though they fall at the slower end of the range.  
decrease at lower temperatures and, therefore, suggests the ambient nebular temperature 
was not being approached while exsolution was occurring in sulfides within chondrules. 
The ambient temperature of the solar nebula therefore appears to have been somewhat 
lower than the range of temperatures over which pentlandite exsolution can reasonably be 
expected to occur based on kinetic studies (~850−500 K; Etschmann et al., 2004). The X-
wind model (e.g., Shu et al., 1996, 1997, 2001) is an unlikely scenario for chondrule 
formation with this constraint in mind as it predicts an ambient temperature >650 K. The 
nebular lightning (e.g., Gibbard et al., 1997; Pilipp et al., 1998; Desch and Cuzzi, 2000), 
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planetesimal bow shocks (e.g., Hood, 1998; Weidenschilling et al., 1998; Ciesla et al., 
2004; Hood et al., 2009), and gravitational instability shocks (e.g., Hood and Horanyi, 
1991; Wood, 1996) models, on the other hand, are consistent with ambient temperatures 
<650 K. 
The presence of the snowflake texture hints at a more complicated thermal history 
of the PPI and MMI-PPI grains, however. Its absence in experimental works seems to 
imply that this exsolution texture has a unique formation mechanism (Brearley, 2010). 
We propose that the snowflake texture formed from reheating and present a schematic 
formation model in Figure 2.18. Stage 1 involved normal cooling of mss from high 
temperature and generated the common exsolution textures (i.e., patches, blades, 
lamellae, rods). Stage 2 involved reheating to temperatures where pentlandite 
transformed into mss again. This mss, however, had greater Ni contents than the original 
mss that exsolved during the first period of cooling. The system cooled and the new mss 
exsolved pyrrhotite and pentlandite but with a greater proportion of pentlandite this time. 
This is consistent with the minor occurrence of pyrrhotite within pentlandite observed in 
the snowflake texture. This model also explains why experimental studies, which only 
involve single stage cooling paths, did not produce this exsolution texture. 
If the snowflake texture results from reheating, grains with this texture ought to be 
treated with care when calculating cooling rates. Of the 13 grains listed in Table 2.11, 7 
display the snowflake texture; however, these grains have cooling rates which fall within 
the range defined by grains which do not display the snowflake texture. It is therefore 
possible that all PPI and MMI-PPI grains in CM and CR chondrites have experienced 
reheating and the cooling rates we have calculated are not, in fact, primary. Experimental 
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work is necessary to determine if reheating of pyrrhotite-pentlandite grains produces 
distinct textural or compositional characteristics that allow us to determine if a grain’s 
cooling rates have been altered.  
 
Figure 2.18. Ternary diagram of the Fe-Ni-S system at two hypothetical temperatures 
(1st stage ~920 K and 2nd stage ~720 K; phase fields from Kitakaze et al., 2011). The 
mss and pentlandite phase fields are shown for each cooling stage. The cross marks an 
initial bulk composition of sulfide melt which exsolved on cooling for stage 1 to the two 
gray dots shown (po1 and pn1). Reheating and cooling caused the pentlandite (pn1) to 
breakdown into a new, more Ni-rich pentlandite composition (pn2) and a more Ni-poor 
mss composition (po2) for stage 2 as indicated by the white dots. The lever rule shows the 
correct relative proportions of pyrrhotite to pentlandite (i.e., the first bulk composition 
would have more pyrrhotite, while the second bulk composition would have more 
pentlandite). 
Formation Mechanisms of Sulfide-Rimmed Metal Grains 
 Our studies of SRM grains in CM and CR chondrites provide several lines of 
evidence that these grains are primary. Similar to the PPI grains, the SRM grains contain 
pyrrhotite-pentlandite exsolution textures which cannot form by any secondary process. 
Additionally, these grains show evidence of aqueous alteration (e.g., pyrrhotite and metal 
altering to magnetite) which is correlated to the degree of alteration experienced by the 
bulk sample. That is, there is more extensive alteration in the more-altered samples (i.e., 
CR Renazzo and all CM chondrites) and no evidence of alteration in the least-altered CR 
chondrites (i.e., QUE 99177, EET 92042).  
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The SRM grains occur predominantly in CR chondrites in the rims of type IA 
chondrules though there are examples of these grains in the rims of type IIA chondrules. 
They only occur in the matrix in CM chondrites, but display significant textural 
differences from their CR counterparts as discussed previously. From the morphology of 
the SRM grains (i.e., Fe,Ni metal core rimmed by sulfide), it is evident that the metal 
cores have been replaced by sulfide, indicating that sulfidization of the metal has 
occurred. 
Experimental studies (e.g., Lauretta et al., 1997; Schrader and Lauretta, 2010) 
provide important insights into the textural and compositional characteristics of 
assemblages formed by sulfidization of Fe,Ni metal (kamacite). Texturally, partial 
sulfidization formed sulfide-metal assemblages with remnant Fe,Ni metal cores or Fe,Ni 
metal inclusions within the pyrrhotite rimming the metal (see Figs. 4 and 5 from Schrader 
and Lauretta, 2010). Pyrrhotite-pentlandite exsolution developed in the sulfide 
surrounding the metal core (Lauretta et al., 1997). The SRM grains have an Fe,Ni metal 
core rimmed by pyrrhotite containing minor amounts of pentlandite. 
In the experimental studies, the kamacite cores have Ni±P enrichment near the 
sulfide-metal boundary, and small metal inclusions embedded in the surrounding 
pyrrhotite are Ni-rich (>30 wt. %). Lauretta et al. (1995) determined that pyrrhotite 
formed by sulfidization of metal has a gradient in Ni content where the Ni increases with 
distance from the metal-sulfide boundary. In the SRM grains, there is a Ni enrichment 
present near the metal-sulfide boundary as Ni±P-rich metal (Fig. 2.8b, c, 2.9c) and as 
pentlandite in the sulfide (Fig. 2.8b, 2.9c, 2.10c). We did not, however, observe an 
increase in Ni content in the pyrrhotite moving away from the metal-sulfide boundary. In 
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experimental work, several minor phases were found to form near the phase boundaries 
and include Fe phosphates and chromites (Schrader and Lauretta, 2010). In the SRM 
grains found in our study, Ca phosphate (Fig. 2.9d, 2.10d) and chromite (Fig. 2.8d) grains 
were observed in the regions between the metal and the sulfide. 
In terms of composition, metal which formed as a nebular condensate should have 
a positive correlation between Co and Ni and fall on the solar Co/Ni line (Grossman et 
al., 1988; Scott, 1988; Weisberg et al., 1988, 1993). As Figure 2.19a illustrates, low-Ni 
SRM metal has both a positive correlation between Co and Ni and falls on the solar 
Co/Ni line (represented as the black dashed line). Previous studies have argued that some 
metal in CM (e.g., Grossman and Olsen, 1974) and CR (e.g., Weisberg et al., 1993) 
chondrites formed via nebular condensation. However, it is possible that the composition 
of remnant nebular condensate metal may be changed by the sulfidization process and not 
retain its solar Co/Ni ratio. Modification of the Co/Ni ratio might occur during 
sulfidization if either element is preferentially partitioned into either the sulfide or metal 
phase, compared with the precursor metal composition. Figure 2.19 compares our SRM 
grain data with literature data for metals in CM and CR chondrites (CM chondrite metal 
from Kimura et al. 2011; CR chondrite metal from Weisberg et al., 1993 and Schrader et 
al., 2015). The SRM grain data agree with literature values for metals in CM and CR 
chondrites, but actually show less variation in terms of Co, Cr, and Ni contents, 
indicating that if sulfidization has occurred, it has not significantly modified the 
composition of the residual low-Ni metal away from the metal-sulfide boundary. 
For assemblages which formed from sulfidization and, as such, are genetically 
linked, we would expect to see similar bulk Ni/Co and Fe/Ni ratios between the precursor 
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material and the products of the sulfidization if there was no diffusional exchange 
between phases. For SRM grains, the bulk metal and the bulk sulfide should have similar 
Ni/Co and Fe/Ni ratios. Figure 2.20a–b displays these ratios in the bulk metal (metal+Ni-
rich metal) and bulk sulfide (po+pn) portions of the SRM grains in the form of 
logarithmic bar charts. Data are only presented for CR chondrite SRM grains, as CM bulk 
sulfide compositions are not accurate owing to a lack of good pentlandite analyses.  
 
Figure 2.19. Element-element plots of a) Co versus Ni and b) Cr versus Ni in wt. % for 
individual EPMA analyses of metals in CM and CR SRM grains. Literature values for 
metals from the meteorite groups are included for comparison. CM values come from 
Kimura et al. (2011) and CR values from Weisberg et al. (1993) and Schrader et al. 
(2015). Triangles = SRM metals, crosses = literature metals, blue = CMs, red = CRs. The 
dashed black line in (a) represents the solar Co/Ni ratio (from Anders and Grevesse, 
1989). The SRM grains have composition that are consistent with literature values but 
have Co, Cr, and Ni contents at the lower end of the compositional range defined by 
literature data. 
While some of the ratios agree between metal and sulfide, others do not. There is 
variation both between the two sets of ratios and also between the different grains. 
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Overall, the Fe/Ni ratios show better agreement than the Ni/Co ratios between the metal 
and sulfide. Both sets of ratios show better agreement for grains from QUE 99177 and 
Renazzo, while those for grains from EET 92042 show less agreement. The SRM grains 
from EET 92042 are texturally distinct from the SRM grains in the other meteorites listed 
in that they are larger, have thicker sulfide rims, and have regions of high-Ni metal in the 
metal cores of the assemblages. The differences in their ratios could be a function of the 
higher uncertainty in determining the bulk sulfide (fraction of pyrrhotite versus 
pentlandite) and bulk metal (fraction of low-Ni and high-Ni metal) compositions due to 
the lower resolution of the images of those grains.  
More likely, differences in the ratios of the SRM grains from EET 92042 reflect 
real chemical differences between the sulfide and metal phases. Diffusion rates, 
themselves a function of the temperature and duration of the reaction, could change the 
metal compositions significantly. In cases where sulfidization occurred at lower 
temperatures, the ratios would be more similar between the sulfide and metal portions 
since diffusion would have been too slow and Ni would not have been able to diffuse 
back into the metal effectively. In cases where sulfidization was able to proceed to more 
advanced degrees, the ratios would show greater variation since the metal would contain 
more Ni, as long as sulfidization occurred at temperatures high enough for diffusion to 
occur. The thicker sulfide rims in the SRM grains from EET 92042 imply more advanced 
sulfidization, and indeed, we see that the metal in these grains contains more Ni than the 
sulfide (higher Ni/Co ratios and lower Fe/Ni ratios in Fig. 2.20). 
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Figure 2.20. Plots comparing elemental ratios (Ni/Co and Fe/Ni) between bulk sulfide 
(po+pn) and bulk metal (metal+Ni-rich metal) portions of SRM grains in CR chondrites. 
Grains from CM chondrites were not included due to a lack of pentlandite analyses. Bar 
charts for (a) Ni/Co and (b) Fe/Ni are in log notation and compare ratios by phase and 
sample, while scatterplots compare Ni/Co and Fe/Ni ratios against one another by (c) 
phase and by (d) sample. Ratios for metal and sulfide in grains from QUE 99177 
(QUE99) and Renazzo are somewhat similar, while those in EET 92042 (EET) show 
more variation.  
Comparing the behavior of the elements (Fig. 2.20c–d), we note that the Fe/Ni 
ratio in the sulfide portion of the grains tends to be higher than it is in the metal portion, 
whereas the reverse is true for the Ni/Co ratio. The ratios for the metal have more similar 
values and cluster more closely. Additionally, there seems to be a negative correlation 
between the two ratios; that is, high Fe/Ni ratios correspond to low Ni/Co and vice versa. 
If the SRM grains did indeed form by sulfidization, this elemental behavior suggests that 
Ni is being preferentially retained within the metal phase, whereas the Co is preferentially 
going into the sulfide. 
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Since the SRM grains in CR chondrites only occur in chondrules, dominantly type 
IA, the formation of the precursor metal must involve a process other than nebular 
condensation. Instead, we propose formation of SRM grains in CR chondrite chondrule 
rims as follows (Fig. 2.21 depicts each stage):  
a) Aggregation of dust consisting of silicate and metal precursors surrounded by 
gases in the solar nebula,  
b) Formation of chondrules by flash heating,  
c) Formation of immiscible silicate and metalsulfide melts within the 
chondrules,  
d) Migration of immiscible metalsulfide melts from the chondrule interiors to 
the rims (Grossman and Wasson, 1985; Connolly et al., 1994; Tsuchiyama et 
al., 2000); the high volatility of sulfur could have caused it to escape from the 
chondrules, if it was initially present, into the surrounding gas and form H2S,  
e, f) Crystallization of Fe,Ni metal on chondrule rims, as well as crystallization of 
silicate phases in the chondrule interiors,  
g) Sulfidization of Fe,Ni metal from reaction with surrounding H2S gas to form 
mss; depending on the temperature and duration of the reaction, elements, such 
as Ni, could diffuse back into the metal resulting in different element ratios 
between the sulfide and metal, 
h) Depending on the cooling rate of the system, mss could subsequently exsolve 
pentlandite and transform to pyrrhotite. 
In the SRM grains (Figs. 2.7, 2.9, and 2.10), we observe only partial sulfide rims 
which occur on the side of the metal facing the exterior of the chondrule, as shown in 
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Figure 2.21g. This demonstrates that sulfidization occurred preferentially where the 
metal surface was most readily accessible. It is also possible that the gas diffused along 
grain boundaries and allowed sulfidization on the interior of the grain. However, our 
observations show that if this did occur, it was a much slower process.  
 
Figure 2.21. Schematic diagram depicting a possible formation model for SRM grains in 
chondrule rims of CR chondrites. See text for detailed explanation. 
Sulfur Fugacity Calculations 
If, as we argue, the SRM grains formed from the process of sulfidization, we can 
use the pyrrhotite compositional data to perform thermodynamic calculations to better 
understand nebular conditions such as sulfur fugacity. Sulfide compositions are required 
for these thermodynamic calculations. To perform these calculations, we used equation 
(1) of Toulmin and Barton (1964): 
݈݋݃ ௌ݂మ ൌ ሺ70.03 െ 85.83 ிܰ௘ௌሻ ቀଵ଴଴଴் െ 1ቁ ൅ 39.30ඥ1 െ 0.9981 ிܰ௘ௌ െ 11.91 (1) 
This equation can be used to determine the fS2 of the system during pyrrhotite formation 
if the composition of the pyrrhotite (NFeS) and the temperature of formation (T) are 
known and the system was in equilibrium. NFeS is the mole fraction of FeS where NFeS of 
troilite equals 1.00 and values less than 1.00 correspond to increasing iron deficiencies 
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that characterize pyrrhotite. N is calculated as: 2 ቀ ௡ி௘௡ி௘ା௡ௌቁ and can range from 0.899 to 
1.00 for the purposes of this calculation. Mengason et al. (2010) expanded on the work of 
Toulmin and Barton (1964) by determining the effect on the sulfur fugacity calculation of 
other minor metals present in the pyrrhotite. They determined that N is better calculated 
as: 2 ቀ ௡ி௘ା௡஼௢ା௡௓௡ା௡ெ௡ା௡ே௜ା௡஼௨ା௡஺௚ା௡஺௨௡ி௘ା௡஼௢ା௡௓௡ା௡ெ௡ା௡ே௜ାଵ.ହ௡஼௨ାଵ.ହ௡஺௚ାଵ.ହ௡஺௨ା௡ௌቁ. Formation of pyrrhotite by 
sulfidization of Fe,Ni metal begins at 713 K with 50% condensation of sulfide being 
reached by 674 K (Lauretta et al., 1996b). For one CR SRM (EET 92042 C3S2), we were 
able to determine an equilibration temperature of 823 K by plotting the compositions of 
pyrrhotite and pentlandite on an Fe-Ni-S ternary diagram from Kitakaze et al. (2011). We 
calculated fS2 values for the condensation temperature range (674 to 713 K for all grains 
except EET 92042 C3S2 which has a range of 674 to 823 K) under the assumption that 
sulfidization likely occurred within this temperature range. Where possible (i.e., N ≤ 
1.000), N was calculated using the Mengason et al. (2010) method; otherwise, it was 
calculated using Toulmin and Barton’s (1964) method.  
Table 2.11 presents the resulting fS2 for several SRM grains in CR and CM 
chondrites. The calculated fS2 values largely fall within the range expected for the solar 
nebula (log fS2 = -18.0 to -13.0; Lauretta et al., 1998) with the exception of two grains 
with higher fS2 (CR EET 92042 C5S4 and CM Murray S25) which could have 
equilibrated at lower temperatures than those used here. An additional complicating 
factor is that the original sulfide composition (i.e., mss) has been modified during cooling 
by the exsolution of pentlandite and is probably not the original primary sulfide 
composition. Therefore, there are some significant limitations to these calculations.  
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Table 2.11. Nebular conditions during SRM grain formation via sulfidization. 
 Meteorite Grain N Min  T† (K) 
Min  
log fS2 
Max  
T† (K) 
Max 
log fS2 
CR 
EET 92042 
C5S4 0.980 674 -12.9 713 -11.8 
C3S6 0.997 674 -16.8 713 -15.5 
C3S1 0.998* 674 -17.1 713 -15.9 
C3S2 0.998* 674 -17.1 823§ -12.9 
C3S3 1.001 674 -18.2 713 -16.9 
QUE 99177 C3S1 0.996 674 -16.3 713 -15.0 
C3S4 0.999 674 -17.3 713 -16.0 
Renazzo 
C2S3 0.985 674 -13.7 713 -12.6 
C2S1 0.987 674 -14.3 713 -13.1 
C4S5 0.989 674 -14.7 713 -13.5 
CM Murray S25 0.971 674 -11.5 713 -10.4 QUE 97990 S40 0.987 674 -14.3 713 -13.1 
† = temperatures from Lauretta et al. (1996b); § = temperature from po-pn equilibration; N = N((Fe,Ni)S) 
* N = N(FeS) since N((Fe,Ni)S) >>1.000 
 
Formation Mechanisms of Micron Fe,Ni Metal Inclusions 
Micron-sized Fe,Ni metal inclusions occur in a subset of the sulfide grains studied 
in this work. Possible formation scenarios for these phases include: 1) co-crystallization 
of sulfide and metal from an Fe,Ni,S melt, 2) volatilization and loss of sulfur from an 
Fe,Ni,S melt, and 3) formation during sulfidization of Fe,Ni metal. 
Formation scenarios 
1) Co-crystallization: This scenario would have involved formation of Fe,Ni,S-
bearing melts in chondrules following flash heating. Metal and sulfide subsequently 
crystallized on cooling. Figure 2.22 depicts the Fe-Ni-S ternary diagram with the bulk 
compositions (at 850°C with phase fields from Sugaki and Kitakaze, 1998) (Fig. 2.22a) 
and individual spot analyses (at 450°C with phase fields from Kitakaze et al., 2011) (Fig. 
2.22b) of PPI grains and MMI-PPI grains. The majority of the PPI grains fall on the 
tieline between mss and the high-form pentlandite fields. The MMI-PPI grains, on the 
other hand, mostly fall in mss+ γ(taenite)+l field. It appears then that the compositions 
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Figure 2.22. Ternary diagrams (in atomic %) of the Fe-Ni-S system with (a) bulk 
compositions plotted at 850°C (phase fields from Sugaki and Kitakaze, 1998) and (b) ) 
individual spot analyses for the same PPI (blue) and MMI-PPI (red) grains at 450°C 
(phase fields from Kitakaze et al., 2011). The solar Fe-Ni-S ratio (gray) is also included 
for comparison. Note that only the MMI-PPI bulk compositions fall in the mss+γ+l field, 
consistent with co-crystallization of mss and metal. The solar ratio distinctly falls in the 
mss+γ field at high temperature and the mss+α+γ field at lower temperature. mss = 
monosulfide solid solution, α = alpha (kamacite), γ = gamma (taenite), hpn = high-form 
pentlandite, pn = pentlandite, l = liquid. 
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that these grains formed from could possibly result in the co-crystallization of mss and 
Ni-rich metals (i.e., MMIs). An issue with this scenario, however, involves the lack of 
MMIs formed in the experimental works that produced the PPI grains (e.g., Hawley and 
Haw, 1957; Misra and Fleet, 1973; Durazzo and Taylor, 1982; Kelly and Vaughan, 1983; 
Etschmann et al., 2004). Still, it could be that the bulk compositions used in these 
experiments were simply inconsistent with those required to form the mss+γ assemblage. 
2) Volatilization: This scenario is similar to the co-crystallization model, but in 
addition involved volatilization of S due to rapid heating. The bulk composition was 
initially in the mss+pn phase field, but S loss drove it into the mss+pn+γ field. Lorand et 
al. (2012) have proposed a similar explanation for the formation of metal inclusions in 
troilite from chassignite NWA 2737, though the sulfur loss in that case was initiated by 
an impact event, and the FeS phase was a solid. With cooling, the mss exsolved pyrrhotite 
and pentlandite forming the PPI grains with MMIs. Figure 2.23 shows that grains which 
contain MMIs often have pyrrhotite with lower Ni contents than grains which do not 
contain MMIs (PPI po). These observations are consistent with the volatilization 
scenario; the MMIs would have incorporated higher concentrations of Ni into their 
structure and, subsequently, depleted the residual material (later mss) in Ni. Additionally, 
we noted previously that MMI-PPI grains had similar cooling rates to the PPI grains. This 
is again consistent with the volatilization scenario since formation of the MMIs would 
have occurred prior to crystallization of mss, after which cooling would have proceeded 
similarly to the PPI grains. The scenario could also explain the lack of MMIs in 
experimental works, none of which involved volatilization from rapid heating. 
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Figure 2.23. MMI pyrrhotite, metal, and bulk grain compositions (Co vs. Ni in wt. %). 
MMI-free PPI grain pyrrhotite analyses are also included for comparison. More Ni-rich 
MMIs correspond to more Ni-poor pyrrhotite (see QUE97 S13). The dashed black line 
represents the solar Co/Ni ratio (from Anders and Grevesse, 1989). Circles = pyrrhotite, 
triangles = MMIs, crosses = bulk compositions, blue = QUE 97900 (QUE97) S13, red = 
EET 92042 (EET) C1S1, yellow = EET 92042 (EET) C1S2. 
3) Sulfidization: This scenario would have been the same as has been described 
previously for sulfidization of Fe,Ni metal. In this case, MMIs would be produced 
depending on environmental conditions. In experimental work involving sulfidization of 
kamacite, Schrader and Lauretta (2010) produced micron-sized, Ni-rich metals in the 
pyrrhotite surrounding the kamacite core. Other experimental work by Lauretta et al. 
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(1996b), however, did not produce any MMI-like features. The two series of experiments 
differed in the compositions of the gas species used, the temperatures at which 
sulfidization occurred, the duration of the runs, and the compositions of the initial 
kamacite charges. Any of these factors, or a combination of them, could account for why 
sulfidization would not always generate MMIs. A major shortcoming of this scenario has 
to do with the fact that nearly all MMIs are present in PPI-like grains. That is, the grains 
with textural characteristics consistent with formation by sulfidization (i.e., the SRM 
grains) do not contain MMIs. However, perhaps the sulfidization reaction in the solar 
nebula most commonly went to completion resulting in the sulfidization of even Ni-rich 
metal at the final stages of the reaction. 
Evaluation of the different scenarios 
Each of the formation scenarios presented represent valid predictions for how the 
MMIs may have formed, and the most likely explanation is that some of the inclusions 
identified formed by co-crystallization, some by volatilization, and still others by 
sulfidization. However, the difference in textural appearance of the MMI-PPI grains and 
the MMI-rich PPI grains certainly suggests different formation mechanisms or conditions 
for the MMIs in these two types of grains.  
The spatial occurrence differs for these two MMI-bearing sulfide groups; the 
MMI-rich PPI grains are only observed in type IIA chondrules, whereas the MMI-PPI 
grains are observed in type IA and IIA chondrules, as well as isolated grains in the 
matrix. It is worthwhile to note that the MMI-PPI grains are much more common than the 
MMI-rich PPI grains, so this could simply be a sampling bias. If we compare the type IIA 
chondrules containing only MMI-PPI grains to those containing both MMI-bearing 
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sulfide groups, we notice no significant differences in chondrule size, phenocryst texture, 
or phenocryst size. Both sets of chondrules (i.e., those containing only MMI-PPI grains 
and those containing both MMI-PPI and MMI-rich PPI grains) show more variation 
within a group than between them. In addition, Figure 2.24 illustrates that the MMIs in 
these two textural groups have similar compositions. More compelling still is the fact that 
some MMI-rich PPI grains occur in the same chondrules as MMI-PPI grains. How then 
do we have such disparate textures occurring within even the same chondrule? 
 
Figure 2.24. MMI-PPI and MMI-rich PPI grain compositions (Co vs. Ni in wt. %). The 
two groups overlap and illustrate there is no compositional difference between the metals 
in the two groups. Dark blue = MMI-PPI metals, light blue = MMI-rich PPI metals. Error 
bars are 1σ. 
The location of the MMI-rich PPI grains within a chondrule may explain why 
sulfides in close proximity could form such different textures. In type IIA chondrules, 
which contain both MMI-bearing sulfide groups, the MMI-PPI grains occur in chondrule 
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rims and interiors, whereas MMI-rich PPI grains only occur in the interiors of the 
chondrules. Perhaps both sets of grains formed by volatilization, but those in chondrule 
interiors experienced more extensive volatilization (owing to prolonged heating)as a 
function of their location within the chondrule. Those sulfides in the interior reached the 
same peak temperatures as those near the rim, but maintained those high temperatures for 
slightly longer periods. The sulfides near the chondrule rim were able to reequilibrate to 
the ambient temperature more quickly due to their closer proximity to the chondrule-
nebular gas boundary. Alternatively, the rounded form of some MMI-rich PPI grains may 
imply that these grains were originally metals which underwent sulfidization. In this case, 
the MMIs would represent relict metal that had not been completely sulfidized. Similar to 
our conclusions concerning MMIs in general, those contained in the MMI-rich PPI grains 
likely formed from volatilization and others from sulfidization. 
Conclusions 
 In this work, we have examined the textural and compositional characteristics of a 
large number of pyrrhotite-pentlandite grains in the least- to minimally-altered CM and 
CR chondrites in an effort to constrain their origins. We have identified a significant 
number of grains with similar characteristics in both CM and CR chondrites. These grains 
occur in type IA and IIA chondrules and as isolated grains in the matrix. Evidence in 
support of a primary origin for these grains include the: 
1) Similarities of microstructures in both minimally- and more-altered meteorites. 
2) Occurrence of pyrrhotite-pentlandite exsolution textures, which can form only by 
solid-state processes during cooling from high temperatures and not by aqueous 
alteration at low temperatures. 
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3) Consistency between the observed compositional characteristics and phase 
assemblages of the meteoritic sulfides with those produced in experimental 
studies that involved studying the crystallization of sulfide melts and sulfidization 
of Fe,Ni metal.  
Several different primary sulfide/sulfide-metal grain types were identified: 
pyrrhotite-pentlandite intergrowth (PPI) grains, micron-metal inclusion-bearing 
pyrrhotite pentlandite intergrowth (MMI-PPI) grains, micron-metal inclusion-rich 
pyrrhotite-pentlandite intergrowth (MMI-rich PPI) grains, and sulfide-rimmed metal 
(SRM) assemblages. We have determined that the PPI grains formed from the 
crystallization of mss melt in chondrules during chondrule formation. The MMI grains 
present in some PPI grains could have formed by co-crystallization of metal and sulfide, 
by S-loss due to volatilization, or as a result of sulfidization of Fe,Ni metal.  
Based on experimental data, we have determined the cooling rates of PPI grains in 
CM chondrites range from <28 K/hr to 40 K/hr and those in CR chondrites range from 42 
K/hr to 82 K/hr, assuming that the sulfide textures have not been modified by reheating. 
These cooling rates agree with previous calculations by Schrader et al. (2016) for CR 
chondrite sulfides, although they fall at the slower end of the range. These cooling rates 
are for the low temperature range for chondrule cooling (i.e., below the silicate solidus) 
and are similar to the cooling rates at higher temperatures. This similarity between the 
low and high temperature cooling rates argues for an ambient nebular temperature of 
about <370 K which is inconsistent with X-wind models of chondrule formation.  
The SRM grains formed from sulfidization of Fe,Ni metal by H2S gas in the solar 
nebula. The sulfur fugacities calculated for these grains (in log notation) ranged from -18 
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to -10 which largely agree with the predicted solar nebula values. Clearly, iron sulfides in 
CM and CR chondrites can, and in some cases are one of the few phases that can, provide 
abundant information on nebular processes and conditions, some of which are still poorly 
constrained.
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Appendix I. MMI Secondary Fluorescence Corrections 
PENEPMA Instructions (.geo files): 
*additional information for these procedures is available on the PFE forum: 
http://www.probesoftware.com/smf/index.php 
 
1. Open the Standard.exe ( ) file with the following path: C:\Probe 
Software\Probe for EPMA 
2. Choose the default STANDARD.MDB file 
3. Check to see if there is a secondary fluorescence (SF) problem with the phases 
and corresponding elements of interest by running the Fanal. If you already know 
that an SF problem exists, skip to 4. 
a. In the Standard.exe program, click the Analytical tab → PENEPMA 
(Secondary Fluorescence Profile) Calculations 
 
b. To run the program, you will have to create .PAR and .MAT files for 
your phases. You do this on the left side of the screen. 
i. .PAR files take ~10 hours to run, so make sure adequate files 
don’t already exist in the penfluor folder with the following 
path: C:\UserData\penepma12\penfluor 
ii. Here are links on the PFE forum for PAR files as they are 
updated periodically: 
http://probesoftware.com/smf/index.php?topic=13.msg23#msg23 
http://probesoftware.com/smf/index.php?topic=119.msg1638#msg
1638 
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iii. .MAT files can be created using the lists provided or by entering 
in a formula 
1. Make sure the density is accurate for your .MAT files. 
Before typing in the formula for the phase, make sure you 
have entered the correct density. 
 
iv. You will need to create .PAR and .MAT files for the phases of 
interest and the standards you will use on the probe for elements 
likely affected by SF (e.g., ~1 micron spherical inclusions of 
Fe,Ni-metal in pyrrhotite grains) 
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1. Material A = incident beam phase (e.g., Fe,Ni-metal) 
2. Material B = boundary phase (e.g., pyrrhotite) 
3. Material B std = primary standard (e.g., pyrite for S, Fe 
metal for Fe, Ni metal for Ni) 
c. After the .PAR and .MAT files have been created, you can run the 
program to determine if SF is an issue for your materials. You do this on 
the right side of the screen. 
 
i. Enter in all the required information making sure Material B std 
includes the element you are running the program for 
ii. Click “Run Fanal (generate k-ratio file for couple boundary)” 
button 
iii. You can extract the resulting plot by clicking the “copy to 
clipboard” button and pasting it into an appropriate program like 
MS paint, Adobe photoshop, or MS powerpoint 
iv. If any of your elements show a SF issue near the boundary 
between the two phases of interest, proceed. Otherwise, no 
additional corrections to microprobe data are required 
4. Since SF is a problem with at least one element your analyzing for, you will need 
to generate corrections for this effect 
a. In the Standard.exe program, click the Analytical tab → PENEPMA 
(Monte Carlo) Calculations 
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b. To generate corrections, you have to create .IN files for your incident 
beam phase with the boundary phase and any standards. This program also 
takes into account the geometry of your phases. 
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i. You will likely want to decrease the simulation time as the 
default is ~27 hours. Go with whatever will give to low 
uncertainities (I usually do 3600 s). 
ii. Choose the “Optimize Secondary Fluorescent X-rays (use 
couple or sphere *.geo files)” option 
iii. Load your .MAT files for the beam incident phase and adjacent 
phase using the browse buttons 
1. You want to make sure to avoid using the Taylor series 
premade .MAT files. These do not seem to work when you 
try to make .IN files for them. 
iv. Load the correct geometry file using the browse button 
(1mic_sphere.geo). Note that this file must have the following 
path: C:\Probe Software\Probe for EPMA\penepma12\Penepma. 
There are many geometry files in the penepma12 folder, but you 
have to move the one you want into the Penpma folder within. 
Changing this will change the beam position’s x value to a non-
zero value. Make sure to change it back to 0. 
v. Make sure that the “minimum electron/photon energy” boxes 
include the x-ray lines you are measuring for. Sometimes the 
values in these boxes change when you are inputting all your 
parameters and may exclude the x-ray lines you are interested in. 
Keeping it at the default value of 1.0e3 is a safe bet. 
vi. Name your .IN file and click “Create PENEPMA Input File”.  
1. You must do this for the incident beam phase which 
includes the boundary phase and any standards used 
for the elements of interest. 
2. For the standard .IN files: 
a. Choose the “Optimize Production of 
Characteristic X-rays” option 
b. Use the bulk geometry file  
c. Since PENEPMA does not distinguish the intensity 
produced from SF and the intensity produced from 
the actual sample, you will need to run a bulk 
geometry for your incident phase as well 
i. In an example where both the inclusion and 
the surrounding phase have a given element, 
like Fe in Fe,Ni-metal and FeS, the emitted 
intensity for Fe can be both characteristic x-
rays or secondary fluoresced x-rays. This 
bulk run will allow you to tease apart the 
two intensities. 
c. After you have created all your .IN files, you are ready to run the 
program for k ratio corrections 
i. Still in the same window, click the “Batch Mode” button on the 
far right 
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ii. In the new window that pops up, highlight all .IN files you will 
use 
 
iii. Choose an appropriate location for the results to be saved to using 
the browse button or leave it as the default 
iv. Click the “Run Selected Input Files In Batch Mode” button 
v. Once the simulations are complete, the console window that pops 
up will close and you will be able to see the files wherever you 
saved them to (C:\UserData\penepma12\Penepma\Batch) 
 93 
 
d. Your intensities can be found in the T column of the “pe-intens-01.dat” 
files in each of your folders (the most common transitions are K L3 (Ka), 
K M3 (Kb), L3 M5 (La), L2 M4 (Lb))  
i. PFE forum link: 
http://probesoftware.com/smf/index.php?topic=202.msg1506#msg
1506 
 
 
5. To correct your concentrations (in wt. %) from microprobe data, you will need 
to convert the SF intensities into wt. % for each element which involves several 
steps. Here is an abbreviated version: 
a. IAgeometry – IAbulk = IAunknown 
b. (CAstd/[ZAF]Astd) x (IAunknown / IAstandard) = K ratioA 
c. K ratioA x 100 = K ratioA % and (K ratioA %) x ([ZAF]Aunknown) = CAunknown 
a. Tease apart the SF contribution to intensity from the total intensity 
i. This is why you ran a “bulk” geometry file for your incident beam 
phase in 4.v.b 
ii. Simply subtract the intensity of your incident beam phase from the 
bulk geometry (i.e., Fe90Ni10 with bulk.geo) from your incident 
beam phase with the correct geometry (i.e., Fe90Ni10 with 
1mic_sphere.geo) 
IAgeometry – IAbulk = IAunknown (where A is your element) 
b. Generate the k-ratio 
i. If you used a pure element standard, simply divide the intensity 
from a. by the intensity from your standard (which is from the in-
tens-01.dat file for your standard) 
K ratio = IAunknown / IAstandard (where A is your element) 
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ii. If you did not use a pure element standard, you must take into 
account that your k-factor does not equal 1. 
1. K factor = CAstd/[ZAF]Astd (where C is the fraction of your 
standard that is the element A and [ZAF] is the ZAF 
correction for element A for the standard). In pure element 
standards, both of these terms equal 1. 
2. Determine C by simply looking at the formula for your 
standard. For example if you used pyrite FeS2 as your 
standard for S, C for sulfur is 2/3. 
3. Determine [ZAF] by using CALCZAF. 
a. Open the Calczaf.exe (with the following path: 
C:\Probe Software\Probe for EPMA) 
 
b. You can either enter the elements manually or 
type in the mineral formula for your non-pure 
element standard. 
c. Click the “Calculate” button 
d. The output screen displays the [ZAF] for each 
element under the “ZAFCOR” column 
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4. Now simply divide C by [ZAF] to get the K-factor. 
5. Multiply your K-factor by the intensity of the unknown 
over the intensity of the standard 
K ratioA = (CAstd/[ZAF]Astd) x (IAunknown / IAstandard) 
c. Convert the k ratio into concentration 
i. You must have the k ratio in wt. % to apply the correction to your 
microprobe data. 
ii. To convert from k ratio to wt. %: 
1. Turn the k ratio into k ratio % by multiplying it by 100 
K ratioA x 100 = K ratioA % 
2. Turn k ratio % into wt. % by multiplying it by 
[ZAF]Aunknown 
a. Again, use CALZAF to determine [ZAF] for the 
element of interest or even use the actual ZAF 
corrections provided in the output of your 
microprobe data (excel spreadsheet) 
(K ratioA %) x ([ZAF]Aunknown) = CAunknown 
d. You now have the concentration of the element of interest (in wt. %) 
due to SF. To correct your microprobe data, simply subtract this 
concentration to your microprobe data. 
CAunknown_microprobe - CAunknown_SF 
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CM 
EPMA Analyses in wt. % 
MMI Point P S Cr Fe Co Ni Total 
QUE97_C3S1M2 1 bdl 17.33 0.02 52.15 1.20 26.51 97.4 
QUE97_C3S1M2 2 bdl 18.29 0.03 51.99 1.00 26.60 98.0 
average  bdl 17.81 0.02 52.07 1.10 26.56 97.7 
standard deviation  bdl 0.68 0.01 0.11 0.14 0.06  
QUE97_C19S1M1 1 bdl 5.37 0.05 47.98 1.56 43.77 99.0 
QUE97_C19S1M1 2 bdl 5.70 0.03 48.57 1.52 43.27 99.3 
average  bdl 5.54 0.04 48.28 1.54 43.52 99.1 
standard deviation  bdl 0.24 0.01 0.42 0.03 0.35   
QUE97_S13M1 1 bdl 0.18 0.02 42.31 1.68 53.83 98.0 
QUE97_S13M1 2 bdl 0.17 bdl 42.14 1.72 53.95 98.1 
average  bdl 0.18 0.01 42.23 1.70 53.89 98.0 
standard deviation  bdl 0.00 0.01 0.12 0.03 0.08  
QUE97_S13M2 1 bdl 0.36 bdl 43.08 1.83 52.60 98.1 
QUE97_S13M2 2 bdl 0.50 bdl 43.46 1.80 53.47 99.5 
average  bdl 0.43 bdl 43.27 1.82 53.04 98.8 
standard deviation  bdl 0.10 bdl 0.27 0.02 0.62   
QUE97_S13M3 1 bdl 1.37 bdl 42.22 1.76 53.45 98.9 
QUE97_S13M3 2 bdl 1.58 bdl 42.98 1.82 52.97 99.5 
average  bdl 1.47 bdl 42.60 1.79 53.21 99.2 
standard deviation  bdl 0.15 bdl 0.53 0.04 0.34  
QUE97_S34M1 1 bdl 0.19 bdl 60.39 0.92 36.96 98.5 
QUE97_S34M1 2 bdl 0.17 0.02 60.76 0.93 37.12 99.1 
average  bdl 0.18 0.01 60.57 0.93 37.04 98.8 
standard deviation  bdl 0.01 0.01 0.26 0.01 0.11   
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CM 
EPMA Analyses in wt. % 
MMI Point P S Cr Fe Co Ni Total 
QUE97_S34M2 1 bdl 7.03 bdl 58.90 0.89 33.64 100.6 
QUE97_S34M2 2 bdl 7.01 bdl 58.62 0.92 33.79 100.6 
average  bdl 7.02 bdl 58.76 0.90 33.72 100.6 
standard deviation  bdl 0.01 bdl 0.19 0.02 0.11  
QUE97_S35M1 1 bdl 3.86 0.01 38.97 1.28 54.20 98.4 
QUE97_S35M1 2 bdl 3.70 0.03 39.59 1.28 54.11 99.0 
average  bdl 3.78 0.02 39.28 1.28 54.16 98.7 
standard deviation  bdl 0.11 0.01 0.43 0.00 0.06   
QUE97_S35M2 1 bdl 3.68 0.02 41.38 1.23 51.18 97.5 
QUE97_S35M2 2 bdl 3.38 0.01 40.95 1.21 52.27 98.1 
average  bdl 3.53 0.02 41.17 1.22 51.73 97.8 
standard deviation  bdl 0.22 0.01 0.31 0.02 0.77  
Murchison_C7S6M1 1 bdl 0.19 bdl 46.95 2.05 47.78 97.1 
Murchison_C7S6M1 2 bdl 0.05 bdl 48.44 2.02 48.44 99.0 
average  bdl 0.12 bdl 47.70 2.04 48.11 98.0 
standard deviation  bdl 0.10 bdl 1.05 0.03 0.47   
Murray126_C1S1M1 1 0.03 16.19 0.09 64.12 0.47 17.38 98.3 
Murray126_C1S1M1 2 0.06 16.47 0.10 65.29 0.46 16.95 99.3 
average  0.05 16.33 0.10 64.71 0.46 17.17 98.8 
standard deviation  0.02 0.20 0.01 0.83 0.01 0.30   
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EPMA Analyses in wt. % (averages) 
MMI S Ni Fe Total Ni norm 
Fe 
norm Fe:Ni ~Fe:Ni Diameter (µm) 
~Diameter 
(µm) 
QUE97_C3S1M2 17.81 26.56 52.07 97.7 0.34 0.66 66-34 65-35 1.15 1.00 
QUE97_C19S1M1 5.54 43.52 48.28 99.1 0.47 0.53 53-47 50-50 1.07 1.00 
QUE97_S13M1 0.18 53.89 42.23 98.1 0.56 0.44 44-56 45-55 2.90 3.00 
QUE97_S13M2 0.43 53.04 43.27 98.8 0.55 0.45 45-55 45-55 2.40 2.50 
QUE97_S13M3 1.47 53.21 42.60 99.2 0.56 0.44 44-56 45-55 1.19 1.25 
QUE97_S34M1 0.18 37.04 60.57 98.8 0.38 0.62 62-38 60-40 2.61 2.50 
QUE97_S34M2 7.02 33.72 58.76 100.6 0.36 0.64 64-36 65-35 1.21 1.25 
QUE97_S35M1 3.78 54.16 39.28 98.7 0.58 0.42 42-58 40-60 1.23 1.25 
QUE97_S35M2 3.53 51.73 41.17 97.8 0.56 0.44 44-56 45-55 1.01 1.00 
Murchison_C7S6M1 0.12 48.11 47.70 98.0 0.50 0.50 50-50 50-50 3.27 3.25 
Murray126_C1S1M1 16.33 17.17 64.71 98.8 0.21 0.79 79-21 80-20 1.38 1.25 
PENEPMA Outputs  Uncertainties from Simulations 
MMI Diameter Fe:Ni S Fe Ni  S Fe Ni Description 
QUE97_C3S1M2 1.00 65-35 3.714 0.111 -2.432  0.135 0.818 0.780 Fe65Ni35 d=1 
QUE97_C19S1M1 1.00 50-50 3.501 2.191 -3.31  0.120 0.794 1.029 Fe50Ni50 d=1 
QUE97_S13M1 3.00 45-55 0.118 1.079 -1.19  0.011 0.657 0.969 Fe45Ni55 d=3 
QUE97_S13M2 2.50 45-55 0.135 0.416 0.101  0.012 0.661 1.020 Fe45Ni55 d=2.5 
QUE97_S13M3 1.25 45-55 0.959 1.203 -2.208  0.056 0.702 1.034 Fe45Ni55 d=1.25 
QUE97_S34M1 2.50 60-40 0.153 1.044 -0.482  0.014 0.660 0.735 Fe60Ni40 d=2.5 
QUE97_S34M2 1.25 65-35 1.207 -0.543 -0.931  0.073 0.707 0.712 Fe65Ni35 d=1.25 
QUE97_S35M1 1.25 40-60 0.878 1.444 -3.543  0.052 0.677 1.068 Fe40Ni60 d=1.25 
QUE97_S35M2 1.00 45-55 0.157 5.608 -5.249  0.013 0.701 0.885 Fe45Ni55 d=1 
Murchison_C7S6M1 3.25 50-50 0.127 0.776 -1.463  0.012 0.579 0.824 Fe50Ni50 d=3.25 
Murray126_C1S1M1 1.25 80-20 1.316 -0.44 -0.572   0.075 0.478 0.308 Fe80Ni20 d=1.25 
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SF Corrections 
MMI S corrected Ni corrected Fe corrected 
QUE97_C3S1M2 14.095 28.988 51.959 
QUE97_C19S1M1 2.035 46.829 46.086 
QUE97_S13M1 0.059 55.078 41.148 
QUE97_S13M2 0.297 52.935 42.855 
QUE97_S13M3 0.516 55.417 41.398 
QUE97_S34M1 0.026 37.523 59.530 
QUE97_S34M2 5.811 34.650 59.304 
QUE97_S35M1 2.905 57.699 37.835 
QUE97_S35M2 3.372 56.975 35.559 
Murchison_C7S6M1 -0.006 49.572 46.920 
Murray126_C1S1M1 15.017 17.740 65.146 
EPMA Analyses (in wt. %) Corrected for SF 
MMI P S Cr Fe Co Ni Total 
QUE97_C3S1M2 bdl 14.09 0.02 51.96 1.10 28.99 96.2 
QUE97_C19S1M1 bdl 2.03 0.04 46.09 1.54 46.83 96.5 
QUE97_S13M1 bdl 0.06 0.01 41.15 1.70 55.08 98.0 
QUE97_S13M2 bdl 0.30 bdl 42.85 1.82 52.94 97.9 
QUE97_S13M3 bdl 0.52 bdl 41.40 1.79 55.42 99.1 
QUE97_S34M1 bdl 0.03 0.01 59.53 0.93 37.52 98.0 
QUE97_S34M2 bdl 5.81 bdl 59.30 0.90 34.65 100.7 
QUE97_S35M1 bdl 2.90 0.02 37.84 1.28 57.70 99.7 
QUE97_S35M2 bdl 3.37 0.02 35.56 1.22 56.97 97.1 
Murchison_C7S6M1 bdl 0.00 bdl 46.92 2.04 49.57 98.5 
Murray126_C1S1M1 0.05 15.02 0.10 65.15 0.46 17.74 98.5 
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CR 
EPMA Analyses in wt. % 
MMI Point P S Cr Fe Co Ni Total 
EET_C1S16M1 1 bdl 0.10 0.01 58.86 1.49 36.78 97.5 
EET_C1S16M1 2 bdl 0.09 bdl 58.54 1.53 37.39 97.8 
average  bdl 0.10 0.01 58.70 1.51 37.08 97.6 
standard deviation  bdl 0.01 0.00 0.22 0.03 0.43  
EET_C1S16M2 1 bdl 0.09 bdl 58.68 1.46 37.56 98.0 
EET_C1S16M2 2 bdl 0.09 0.02 58.58 1.53 37.71 98.0 
average  bdl 0.09 0.01 58.63 1.49 37.63 98.0 
standard deviation  bdl 0.00 0.00 0.07 0.05 0.11   
EET_C1S1M1 1 bdl 0.02 na 46.92 1.38 53.54 102.0 
EET_C1S1M1 2 bdl 0.02 na 46.55 1.37 51.40 99.5 
EET_C1S1M1 3 bdl 0.02 na 46.97 1.35 51.43 99.9 
average  bdl 0.02 na 46.81 1.37 52.12 100.5 
standard deviation  bdl 0.00 na 0.23 0.01 1.23  
EET_C1S1M2 1 bdl 0.02   68.71 1.91 29.49 100.3 
EET_C1S1M2 2 bdl 0.03 na 68.83 1.92 29.37 100.2 
EET_C1S1M2 3 bdl 0.06 na 68.39 1.90 29.73 100.2 
average  bdl 0.04 na 68.65 1.91 29.53 100.2 
standard deviation  bdl 0.02 na 0.23 0.01 0.18   
EET_C1S2M1 1 bdl 0.11 na 47.62 1.42 47.75 97.0 
EET_C1S2M1 2 bdl 0.13 na 46.91 1.46 48.75 97.3 
average  bdl 0.12 na 47.26 1.44 48.25 97.2 
standard deviation  bdl 0.02 na 0.50 0.03 0.71  
EET_C1S4M2 1 bdl 0.14 bdl 49.54 1.31 46.40 97.4 
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CR 
EPMA Analyses in wt. % 
MMI Point P S Cr Fe Co Ni Total 
EET_C1S4M2 2 bdl 0.14 bdl 50.14 1.35 46.07 97.8 
average  bdl 0.14 bdl 49.84 1.33 46.23 97.6 
standard deviation  bdl 0.00 bdl 0.43 0.03 0.24   
MET_C3S2M1 1 bdl 0.08 na 47.36 1.37 48.78 97.9 
MET_C3S2M1 2 bdl 0.07 na 47.43 1.41 48.89 97.9 
MET_C3S2M1 3 bdl 0.07 na 47.49 1.38 49.00 98.0 
average  bdl 0.07 na 47.42 1.39 48.89 97.9 
standard deviation  bdl 0.01 na 0.06 0.02 0.11  
MET_C3S2M2 2 bdl 0.14 na 48.18 1.48 47.22 97.2 
MET_C3S2M2 3 bdl 0.15 na 47.26 1.46 48.84 97.9 
average  bdl 0.15 na 47.72 1.47 48.03 97.6 
standard deviation  bdl 0.01 na 0.65 0.02 1.14   
MET_C2S8M1 1 bdl 0.09 0.03 46.92 1.41 49.07 97.6 
MET_C2S8M1 2 bdl 0.09 0.02 47.37 1.33 49.42 98.4 
average  bdl 0.09 0.03 47.15 1.37 49.25 98.0 
standard deviation  bdl 0.00 0.01 0.31 0.05 0.25  
QUE99_S3M1 1 bdl 3.60 0.04 41.15 1.74 54.08 100.8 
QUE99_S3M1 2 bdl 0.76 0.03 41.43 1.68 55.73 99.8 
average  bdl 2.18 0.03 41.29 1.71 54.91 100.3 
standard deviation  bdl 2.01 0.00 0.20 0.05 1.16  
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EPMA Analyses in wt. % (averages) 
MMI S Ni Fe Total Ni norm 
Fe 
norm Fe:Ni ~Fe:Ni Diameter (µm) 
~Diameter 
(µm) 
EET_C1S4M2 0.14 46.23 49.84 97.6 0.48 0.52 52-48 50-50 1.87 2.00 
EET_C1S16M1 0.10 37.08 58.70 97.6 0.39 0.61 61-39 60-40 3.04 3.00 
EET_C1S16M2 0.09 37.63 58.63 98.0 0.39 0.61 61-39 60-40 2.94 3.00 
EET_C1S1M1 0.02 52.12 46.81 100.5 0.53 0.47 47-53 50-50 10.3 10.25 
EET_C1S1M2 0.04 29.53 68.65 100.2 0.30 0.70 70-30 70-30 6.14 6.00 
EET_C1S2M1 0.12 48.25 47.26 97.2 0.51 0.49 49-51 50-50 6.45 6.50 
MET_C3S2M1 0.07 48.89 47.42 97.9 0.51 0.49 49-51 50-50 3.30 3.25 
MET_C3S2M2 0.15 48.03 47.72 97.6 0.50 0.50 50-50 50-50 2.61 2.50 
MET_C2S8M1 0.09 49.25 47.15 98.0 0.51 0.49 49-51 50-50 2.88 3.00 
QUE99_S3M1 2.18 54.91 41.29 100.3 0.57 0.43 43-57 45-55 1.47 1.50 
PENEPMA Outputs   Uncertainties from Simulations 
MMI Diameter Fe:Ni S Fe Ni  S Fe Ni Description 
EET_C1S4M2 2.00 50-50 0.170 0.526 -0.069  0.014 0.605 0.881 Fe50Ni50 d=2 
EET_C1S16M1 3.00 60-40 0.135 -0.012 -0.625  0.014 0.721 0.823 Fe60Ni40 d=3 
EET_C1S16M2 3.00 60-40 0.135 -0.012 -0.063  0.014 0.721 0.823 Fe60Ni40 d=3 
EET_C1S1M1 10.25 50-50 0.039 0.009 -1.420  0.007 0.585 0.830 Fe50Ni50 d=10.25 
EET_C1S1M2 6.00 70-30 0.079 -0.125 -0.503  0.010 -0.474 -0.372 Fe70Ni30 d=6 
EET_C1S2M1 6.50 50-50 0.066 0.434 -1.074  0.009 0.575 0.820 Fe50Ni50 d=6.5 
MET_C3S2M1 3.25 50-50 0.127 0.776 -1.463  0.012 0.579 0.824 Fe50Ni50 d=3.25 
MET_C3S2M2 2.50 50-50 0.153 0.182 -0.110  0.013 0.574 0.858 Fe50Ni50 d=2.5 
MET_C2S8M1 3.00 50-50 0.129 1.010 -0.681  0.012 0.588 0.851 Fe50Ni50 d=3 
QUE99_S3M1 1.50 45-55 0.326 0.634 -2.118  0.026 0.558 0.891 Fe45Ni55 d=1.5 
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SF Corrections 
MMI S corrected Ni corrected Fe corrected 
EET_C1S4M2 -0.030 46.303 49.313 
EET_C1S16M1 -0.038 37.708 58.712 
EET_C1S16M2 -0.042 37.697 58.644 
EET_C1S1M1 -0.021 53.542 46.805 
EET_C1S1M2 -0.039 30.032 68.771 
EET_C1S2M1 0.055 49.322 46.830 
MET_C3S2M1 -0.052 50.355 46.649 
MET_C3S2M2 -0.006 48.140 47.541 
MET_C2S8M1 -0.037 49.929 46.136 
QUE99_S3M1 1.854 57.023 40.653 
EPMA Analyses (in wt. %) Corrected for SF 
MMI P S Cr Fe Co Ni Total 
EET_C1S4M2 bdl 0.00 0.01 49.31 1.51 46.30 97.1 
EET_C1S16M1 bdl 0.00 0.01 58.71 1.49 37.71 97.9 
EET_C1S16M2 bdl 0.00 na 58.64 1.37 37.70 97.7 
EET_C1S1M1 bdl 0.00 na 46.81 1.91 53.54 102.3 
EET_C1S1M2 bdl 0.00 na 68.77 1.44 30.03 100.2 
EET_C1S2M1 bdl 0.05 bdl 46.83 1.33 49.32 97.5 
MET_C3S2M1 bdl 0.00 na 46.65 1.39 50.35 98.4 
MET_C3S2M2 bdl 0.00 na 47.54 1.47 48.14 97.1 
MET_C2S8M1 bdl 0.00 0.03 46.14 1.37 49.93 97.5 
QUE99_S3M1 bdl 1.85 0.03 40.65 1.71 57.02 101.3 
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Parameters Used in SF Simulations 
~Fe:Ni Fe proportion Ni proportion Fe density Ni density Bulk density  
85-15 0.85 0.15 7.86 8.90 8.02 
80-20 0.80 0.20 7.86 8.90 8.07 
70-30 0.70 0.30 7.86 8.90 8.17 
65-35 0.65 0.35 7.86 8.90 8.22 
60-40 0.60 0.40 7.86 8.90 8.28 
50-50 0.50 0.50 7.86 8.90 8.38 
45-55 0.45 0.55 7.86 8.90 8.43 
40-60 0.40 0.60 7.86 8.90 8.48 
*ratios are in weight fraction 
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Appendix II. Individual Phase Compositions 
EPMA Analyses in wt. %  
CM  
PPI 
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
Murchison_C5S2 Pn (sn) 3 na 36.25 bdl 62.13 0.07 0.24 98.7 <1 
Murchison_C5S2 Po 1 na 35.80 0.02 61.50 bdl 0.12 97.4 <1 
Murchison_C7S1 Po 1 na 36.10 0.03 61.75 0.13 0.50 98.7 <1 
Murchison_C7S1 Po 2 na 36.38 0.02 61.48 0.19 0.86 99.0 <1 
Murchison_C7S1 Po 5 na 36.32 0.02 60.32 0.15 1.80 98.6 <1 
Murchison_S2 Po 1 na 36.77 bdl 60.24 0.21 0.96 98.3 <1 
Murchison_S2 Po 2 na 36.35 bdl 60.18 0.19 0.91 97.7 <1 
Murchison_S4 Po 1 na 36.52 0.02 61.68 0.11 0.52 98.9 10 
Murchison_S4 Po 2 na 36.58 0.02 61.33 0.09 0.55 98.6 10 
Murchison_S4 Po 3 na 36.54 0.03 61.22 0.10 0.56 98.5 10 
Murchison_S4 Po 4 na 36.11 0.04 61.61 0.09 0.44 98.3 10 
Murchison_S4 Po 5 na 36.28 bdl 61.42 0.05 0.44 98.2 10 
Murray552_C3S1 Po 2 na 36.31 na 60.59 0.13 0.64 97.8 5 
Murray552_S10 Pn (sn) 2 na 35.71 na 61.39 0.05 0.37 97.7 <1 
Murray552_S10 Po 1 na 35.78 na 60.33 0.20 1.46 97.8 5 
Murray552_S10 Po 2 na 35.82 na 60.21 0.19 1.37 97.7 5 
Murray552_S13 Pn 1 na 34.86 na 55.62 0.60 6.35 97.4 <1 
Murray552_S13 Po 1 na 35.66 na 59.22 0.37 2.42 97.7 5 
Murray552_S13 Po 2 na 35.74 na 59.67 0.31 2.16 97.9 5 
Murray552_S13 Po 3 na 35.51 na 60.34 0.25 1.26 97.4 5 
Murray552_S13 Po 4 na 35.42 na 60.79 0.15 0.90 97.3 5 
Murray552_S13 Po 5 na 35.79 na 61.39 0.09 0.38 97.6 5 
Murray552_S6 Po 1 na 35.55 na 60.47 0.23 1.25 97.6 5 
Murray552_S6 Po 2 na 35.77 na 61.62 0.16 0.84 98.4 5 
Murray552_S6 Po 3 na 35.67 na 61.42 0.22 0.89 98.3 5 
Murray552_S6 Po 7 na 35.27 na 61.09 0.15 0.79 97.3 5 
QUE97_C12S2 Pn 8 na 33.20 0.02 40.47 0.68 24.77 99.1 <1 
QUE97_C12S2 Pn 9 na 33.56 0.02 40.38 0.72 24.64 99.3 <1 
QUE97_C12S2 Po 1 na 36.63 0.02 62.01 0.19 1.25 100.1 <1 
QUE97_C12S2 Po 2 na 36.95 0.03 61.76 0.19 1.37 100.3 <1 
QUE97_C12S2 Po 3 na 36.78 0.02 61.57 0.21 1.42 100.0 <1 
QUE97_C12S2 Po 4 na 36.77 0.03 62.00 0.17 1.10 100.1 <1 
QUE97_C12S2 Po 5 na 36.87 0.04 61.59 0.20 1.46 100.2 <1 
QUE97_C12S2 Po 6 na 36.53 0.05 61.82 0.19 1.01 99.6 <1 
QUE97_C12S2 Po 7 na 36.83 0.05 61.87 0.17 1.28 100.2 <1 
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PPI 
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
QUE97_C12S3 Po 1 na 36.58 0.02 61.46 0.19 1.47 99.7 <1 
QUE97_C12S3 Po 2 na 36.94 0.02 60.63 0.18 1.75 99.5 <1 
QUE97_C12S3 Po 3 na 36.90 0.02 61.46 0.22 1.70 100.3 <1 
QUE97_C12S3 Po 4 na 36.72 0.03 60.86 0.22 1.85 99.7 <1 
QUE97_C12S3 Po 5 na 37.10 0.02 60.99 0.24 1.90 100.3 <1 
QUE97_C12S3 Po 6 na 37.27 0.03 61.50 0.25 1.72 100.8 <1 
QUE97_C12S3 Po 7 na 37.04 0.03 61.21 0.21 1.75 100.2 <1 
QUE97_C18S1a Po 2 na 36.83 0.04 62.66 0.06 0.56 100.1 <1 
QUE97_C18S1a Po 3 na 36.13 0.04 59.50 0.31 4.54 100.5 <1 
QUE97_C18S1a Po 4 na 36.68 0.04 63.04 0.09 0.55 100.4 <1 
QUE97_C18S1a Po 7 na 35.72 0.03 56.95 0.31 6.94 99.9 <1 
QUE97_C18S1a Po 8 na 37.00 0.05 62.63 0.06 0.84 100.6 <1 
QUE97_C18S1b Pn (sn) 10 na 33.27 0.03 41.21 0.79 23.43 98.7 <1 
QUE97_C18S1b Pn (sn) 11 na 34.02 0.04 43.02 0.81 21.98 99.9 <1 
QUE97_C18S1b Po 1 na 36.96 0.04 63.12 0.06 0.39 100.6 <1 
QUE97_C18S1b Po 2 na 36.93 0.05 63.15 0.04 0.39 100.6 <1 
QUE97_C18S1b Po 3 na 36.86 0.05 62.83 0.05 0.35 100.1 <1 
QUE97_C18S1b Po 4 na 36.31 0.04 62.19 0.08 0.53 99.2 <1 
QUE97_C18S1b Po 5 na 36.91 0.05 63.28 0.10 0.32 100.7 <1 
QUE97_C18S1b Po 6 na 37.07 0.04 63.12 0.06 0.37 100.7 <1 
QUE97_C18S1b Po 7 na 37.05 0.05 63.04 0.05 0.45 100.7 <1 
QUE97_C18S2 Pn 9 na 36.68 0.04 63.26 0.09 0.51 100.6 <1 
QUE97_C18S2 Pn 11 na 33.98 0.04 42.06 0.92 22.19 99.2 <1 
QUE97_C18S2 Po 1 na 36.60 0.04 62.93 0.09 0.84 100.5 <1 
QUE97_C18S2 Po 2 na 36.70 0.05 62.83 0.08 0.89 100.6 <1 
QUE97_C18S2 Po 3 na 36.84 0.04 63.31 0.09 0.50 100.8 <1 
QUE97_C18S2 Po 4 na 36.92 0.05 63.17 0.07 0.44 100.6 <1 
QUE97_C18S2 Po 5 na 36.71 0.03 63.05 0.10 0.53 100.4 <1 
QUE97_C18S2 Po 6 na 37.01 0.11 62.54 0.10 0.56 100.3 <1 
QUE97_C18S2 Po 7 na 36.74 0.06 62.65 0.08 0.43 100.0 <1 
QUE97_C18S2 Po 8 na 36.12 0.05 62.96 0.06 0.50 99.7 <1 
QUE97_C18S2 Po 12 na 36.78 0.06 63.06 0.09 0.41 100.4 <1 
QUE97_C6S1 Po 1 na 36.46 0.02 62.99 0.14 0.91 100.5 <1 
QUE97_C6S1 Po 2 na 35.74 0.04 59.07 0.19 4.48 99.5 <1 
QUE97_C6S1 Po 4 na 36.28 0.03 62.66 0.13 1.06 100.2 <1 
QUE97_C6S1 Po 5 na 36.59 0.03 62.90 0.10 0.74 100.4 <1 
QUE97_C6S1 Po 6 na 35.83 0.04 56.98 0.36 7.33 100.5 <1 
QUE97_C6S2 Po 2 na 35.82 0.06 59.12 0.23 4.59 99.8 <1 
QUE97_C6S2 Po 3 na 35.63 0.05 58.85 0.14 4.06 98.7 <1 
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PPI 
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
QUE97_S1 Po 1 na 37.06 0.03 61.41 0.15 1.51 100.2 <1 
QUE97_S1 Po 2 na 37.58 0.02 60.90 0.14 1.65 100.3 <1 
QUE97_S1 Po 3 na 37.59 0.02 60.82 0.20 1.66 100.3 <1 
QUE97_S1 Po 4 na 37.47 0.02 61.34 0.15 1.74 100.7 <1 
QUE97_S1 Po 5 na 37.58 0.02 60.75 0.21 1.85 100.4 <1 
QUE97_S1 Po 6 na 37.42 0.01 60.75 0.22 1.82 100.2 <1 
QUE97_S1 Po 7 na 37.45 0.03 60.48 0.22 2.03 100.2 <1 
QUE97_S1 Po 8 na 37.44 0.02 60.53 0.22 2.25 100.5 <1 
QUE97_S1 Po 9 na 37.57 0.06 60.99 0.21 1.75 100.6 <1 
QUE97_S1 Po 10 na 37.66 0.02 60.65 0.21 2.02 100.6 <1 
QUE97_S11 Pn 7 na 33.65 0.02 31.96 1.27 33.15 100.0 <1 
QUE97_S11 Pn 11 na 33.87 0.01 32.32 1.09 32.90 100.2 <1 
QUE97_S12 Po 1 na 36.07 0.03 61.71 0.24 1.43 99.5 <1 
QUE97_S12 Po 2 na 35.95 0.03 61.78 0.20 1.44 99.4 <1 
QUE97_S12 Po 3 na 36.16 0.03 61.76 0.20 1.38 99.5 <1 
QUE97_S12 Po 4 na 36.02 0.04 61.79 0.21 1.34 99.4 <1 
QUE97_S12 Po 5 na 35.60 0.03 61.70 0.17 1.43 98.9 <1 
QUE97_S4 Pn 11 na 37.22 0.02 60.26 0.24 2.97 100.7 <1 
QUE97_S4 Pn 13 na 36.88 bdl 61.89 0.14 1.37 100.3 <1 
QUE97_S4 Po 1 na 36.27 0.03 61.96 0.20 1.23 99.7 <1 
QUE97_S4 Po 2 na 37.08 bdl 62.21 0.21 1.31 100.8 <1 
QUE97_S4 Po 3 na 37.03 0.02 62.19 0.20 1.23 100.7 <1 
QUE97_S4 Po 4 na 37.27 0.02 62.37 0.18 1.11 101.0 <1 
QUE97_S4 Po 5 na 37.07 0.02 62.47 0.19 1.09 100.8 <1 
QUE97_S4 Po 6 na 37.00 bdl 61.34 0.17 2.04 100.6 <1 
QUE97_S4 Po 7 na 37.27 bdl 62.08 0.14 1.07 100.6 <1 
QUE97_S4 Po 8 na 36.99 0.01 62.48 0.18 0.91 100.6 <1 
QUE97_S4 Po 9 na 36.62 0.01 62.30 0.17 1.03 100.1 <1 
QUE97_S4 Po 10 na 36.89 bdl 61.09 0.20 2.26 100.5 <1 
QUE97_S5 Po 1 na 36.69 0.01 62.38 0.18 1.21 100.5 <1 
QUE97_S5 Po 2 na 36.58 bdl 61.64 0.19 1.64 100.1 <1 
QUE97_S5 Po 3 na 36.94 0.02 61.92 0.20 1.61 100.7 <1 
QUE97_S5 Po 4 na 36.79 0.02 61.37 0.20 1.80 100.2 <1 
QUE97_S5 Po 5 na 36.86 0.01 61.55 0.22 1.75 100.4 <1 
QUE97_S5 Po 6 na 35.96 bdl 61.41 0.21 1.62 99.2 <1 
QUE97_S5 Po 7 na 36.39 0.02 61.25 0.21 1.69 99.6 <1 
QUE97_S5 Po 8 na 36.48 0.02 61.91 0.20 1.64 100.2 <1 
QUE97_S5 Po 9 na 36.41 0.02 61.76 0.22 1.68 100.1 <1 
QUE97_S6 Pn 10 na 33.82 0.12 36.58 1.25 28.19 100.0 <1 
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PPI 
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
QUE97_S6 Pn 11 na 35.21 0.13 44.09 1.17 20.15 100.7 <1 
QUE97_S6 Pn 12 na 35.77 0.13 51.08 0.46 12.39 99.8 <1 
QUE97_S6 Po 1 na 37.05 0.13 58.98 0.23 3.13 99.5 <1 
QUE97_S6 Po 2 na 36.96 0.14 59.58 0.15 2.90 99.7 <1 
QUE97_S6 Po 3 na 36.89 0.14 58.80 0.23 3.28 99.3 <1 
QUE97_S6 Po 4 na 36.81 0.14 59.53 0.18 2.83 99.5 <1 
QUE97_S6 Po 5 na 36.94 0.13 59.38 0.16 2.98 99.6 <1 
QUE97_S6 Po 6 na 37.14 0.14 58.70 0.24 3.62 99.8 <1 
QUE97_S6 Po 7 na 37.20 0.14 59.77 0.18 2.95 100.2 <1 
QUE97_S6 Po 8 na 37.29 0.14 59.59 0.13 2.92 100.1 <1 
QUE97_S6 Po 9 na 36.80 0.14 59.75 0.08 2.60 99.4 <1 
MMI-PPI 
QUE97_C3S2 Po 1 na 36.86 0.02 62.20 0.07 0.41 99.6 <1 
QUE97_C3S2 Po 2 na 36.57 0.02 63.29 0.10 0.43 100.4 <1 
QUE97_C3S2 Po 3 na 36.40 0.02 62.27 0.11 0.33 99.1 <1 
QUE97_C3S2 Po 4 na 36.54 0.02 62.57 0.10 0.43 99.7 <1 
QUE97_C3S2 Po 5 na 36.19 0.02 62.55 0.05 0.33 99.1 <1 
QUE97_S13 Pn (sn) 9 na 33.89 bdl 42.52 0.89 22.02 99.3 <1 
QUE97_S13 Pn (sn) 10 na 33.70 bdl 44.29 0.83 20.10 98.9 <1 
QUE97_S13 Pn (sn) 11 na 33.85 bdl 43.48 0.93 20.69 99.0 <1 
QUE97_S13 Po 1 na 36.14 bdl 62.62 0.17 0.73 99.7 <1 
QUE97_S13 Po 2 na 36.51 bdl 63.10 0.13 0.64 100.4 <1 
QUE97_S13 Po 3 na 36.12 bdl 62.92 0.16 0.54 99.7 <1 
QUE97_S13 Po 4 na 36.32 bdl 63.11 0.16 0.67 100.3 <1 
QUE97_S13 Po 5 na 35.94 bdl 62.90 0.14 0.80 99.8 <1 
QUE97_S13 Po 6 na 35.98 0.01 62.68 0.20 0.75 99.6 <1 
QUE97_S13 Po 7 na 35.93 bdl 62.92 0.13 0.60 99.6 <1 
MMI-rich PPI 
QUE97_C3S1 Pn (sn) 6 na 34.90 0.25 47.58 0.99 16.18 99.9 <1 
QUE97_C3S1 Po 1 na 36.63 0.02 63.08 0.09 0.52 100.3 <1 
QUE97_C3S1 Po 2 na 35.95 0.02 63.38 0.09 0.79 100.2 <1 
QUE97_C3S1 Po 3 na 36.81 0.05 63.20 0.07 0.42 100.6 <1 
QUE97_C3S1 Po 4 na 36.34 0.13 63.48 0.09 0.40 100.4 <1 
QUE97_C3S1 Po 5 na 36.18 0.50 61.89 0.09 1.04 99.7 <1 
SRM  
Murchison_S11 M 3 na 0.02 0.31 91.87 0.22 4.96 97.7 <1 
Murray552_S25 M 1 na 0.04 na 94.28 0.21 4.35 99.0 <1 
Murray552_S25 M 2 na 0.05 na 94.02 0.21 4.33 98.8 <1 
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SRM  
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
Murray552_S25 Po 1 bdl 36.62 0.10 59.68 0.04 0.07 96.5 <1 
Murray552_S25 Po 2 bdl 36.40 0.09 60.30 bdl 0.07 96.9 <1 
QUE97_S39 M 1 na 0.02 na 94.02 0.25 4.72 99.4 <1 
QUE97_S39 M 2 na 0.03 na 95.47 0.24 4.63 100.8 <1 
QUE97_S39 M 3 na 0.01 na 95.76 0.26 4.47 101.1 <1 
QUE97_S39 M 4 na 0.08 na 93.69 0.23 4.87 99.4 <1 
QUE97_S39 M 5 na 0.04 na 94.53 0.22 5.37 100.6 <1 
QUE97_S39 M 3 0.36 0.05 0.40 92.91 0.26 5.25 99.2 <1 
QUE97_S40 M 1 na 0.01 na 95.58 0.23 5.20 101.4 <1 
QUE97_S40 M 2 na 0.01 na 96.34 0.27 5.16 102.0 <1 
QUE97_S40 M 3 na 0.02 na 95.94 0.28 4.95 101.6 <1 
QUE97_S40 M 4 na 0.01 na 95.33 0.25 5.36 101.1 <1 
QUE97_S40 M 5 na 0.01 na 95.36 0.26 5.67 101.6 <1 
QUE97_S40 Po 1 bdl 35.50 0.09 60.56 0.05 0.12 96.3 <1 
QUE97_S40 Po 2 bdl 36.44 0.07 61.40 0.03 0.10 98.1 <1 
CR  
PPI  
EET_C4S1 Po 1 na 36.17 0.08 60.68 0.16 1.20 98.3 10 
EET_C4S1 Po 2 na 36.19 0.13 61.18 0.14 0.94 98.6 10 
EET_C4S1 Po 3 na 36.14 0.13 61.41 0.15 1.35 99.2 10 
MET_C1S1 Pn 5 na 33.01 bdl 41.96 0.59 22.41 98.0 <1 
MET_C1S1 Pn 6 na 32.88 bdl 41.27 0.59 22.86 97.6 <1 
MET_C1S1 Pn 8 na 32.62 bdl 41.40 0.70 22.59 97.3 <1 
MET_C1S1 Po 1 na 35.63 bdl 61.86 0.04 bdl 97.6 10 
MET_C1S1 Po 2 na 35.52 bdl 61.33 0.06 bdl 97.0 10 
MET_S7 Pn 14 na 32.17 bdl 36.21 0.75 28.02 97.2 <1 
MET_S7 Po 1 na 35.96 0.07 58.05 0.23 2.83 97.2 10 
MET_S7 Po 4 na 35.84 bdl 57.53 0.25 3.42 97.1 10 
MET_S7 Po 5 na 36.09 bdl 57.90 0.25 2.89 97.2 10 
QUE99_C1S2b Pn 4 na 33.76 0.02 39.64 0.80 24.21 98.7 <1 
QUE99_C1S2b Po 1 na 36.91 0.03 62.49 0.14 0.84 100.4 <1 
QUE99_C1S2b Po 3 na 35.84 0.02 53.50 0.35 7.89 97.7 <1 
QUE99_S2 Po 1 na 36.82 0.04 63.39 0.11 0.31 100.8 5 
QUE99_S2 Po 2 na 36.80 0.04 63.40 0.11 0.28 100.7 5 
QUE99_S2 Po 3 na 36.54 0.05 63.28 0.11 0.35 100.4 5 
QUE99_S2 Po 4 na 36.59 0.05 63.48 0.07 0.27 100.6 5 
QUE99_S2 Po 5 na 36.78 0.05 63.12 0.12 0.29 100.4 5 
Renazzo_C9S1 Pn 5 na 34.00 0.07 37.06 1.24 26.33 99.1 <1 
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PPI  
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
Renazzo_C9S1 Pn 6 na 33.76 0.06 35.97 1.25 27.52 98.7 <1 
Renazzo_C9S1 Pn 7 na 33.40 bdl 34.15 1.29 27.95 97.1 <1 
Renazzo_C9S1 Pn 8 na 33.65 0.02 34.31 1.21 28.83 98.3 <1 
Renazzo_C9S1 Po 1 na 36.64 0.07 60.02 0.17 3.16 100.2 5 
Renazzo_C9S1 Po 2 na 36.27 0.08 58.07 0.25 4.65 99.5 5 
Renazzo_C9S1 Po 3 na 36.65 0.08 61.03 0.08 1.47 99.4 5 
Renazzo_C9S1 Po 4 na 36.72 0.06 61.03 0.08 1.67 99.6 5 
MMI-PPI 
EET_C1S1 Pn (sn) 6 na 34.08 0.07 47.04 0.48 16.70 98.4 <1 
EET_C1S1 Pn (sn) 7 na 32.53 0.06 37.51 0.51 26.53 97.2 <1 
EET_C1S1 Po 1 na 35.81 0.04 60.56 0.17 1.57 98.2 10 
EET_C1S1 Po 2 na 36.05 bdl 60.25 0.18 1.61 98.2 10 
EET_C1S1 Po 3 na 35.93 0.05 60.57 0.16 1.38 98.2 10 
EET_C1S1 Po 4 na 35.93 bdl 60.66 0.18 1.47 98.2 10 
EET_C1S1 Po 5 na 36.01 bdl 60.55 0.22 1.56 98.4 10 
EET_C1S13 Pn (sn) 5 na 33.39 bdl 43.64 0.60 19.39 97.0 10 
EET_C1S13 Po 1 na 35.80 bdl 61.04 0.18 bdl 97.6 10 
MMI-PPI 
EET_C1S13 Po 2 na 35.70 bdl 61.15 0.20 1.15 98.2 10 
EET_C1S13 Po 3 na 35.78 bdl 61.39 0.15 bdl 98.1 10 
EET_C1S13 Po 4 na 35.95 bdl 61.10 0.17 1.88 99.1 10 
EET_C1S2 Pn (sn) 5 na 33.16 bdl 42.83 0.64 20.39 97.0 10 
EET_C1S2 Pn (sn) 6 na 32.71 bdl 41.04 0.59 23.39 97.8 10 
EET_C1S2 Po 1 na 35.94 bdl 61.06 0.20 2.03 99.3 10 
EET_C1S2 Po 2 na 35.90 bdl 61.32 0.23 1.61 99.1 10 
EET_C1S2 Po 3 na 36.19 bdl 60.87 0.21 1.34 98.6 10 
EET_C1S2 Po 4 na 35.95 0.04 61.14 0.19 1.12 98.5 10 
EET_C1S3 Po 2 na 35.90 bdl 61.32 0.23 1.61 99.1 10 
EET_C1S4 Po 3 na 36.19 bdl 60.87 0.21 1.34 98.6 10 
EET_C1S5 Po 4 na 35.95 0.04 61.14 0.19 1.12 98.5 10 
SRM  
EET_C3S1 M 1 na 0.02 0.07 92.45 0.28 6.15 99.2 <1 
EET_C3S1 M 2 na 0.01 0.06 92.14 0.30 6.16 98.8 <1 
EET_C3S1 M 3 na 0.02 0.08 92.65 0.27 6.22 99.4 <1 
EET_C3S1 M 4 na 0.01 0.06 92.51 0.31 6.30 99.5 <1 
EET_C3S1 M 5 na 0.51 0.03 79.80 0.61 17.39 98.5 <1 
EET_C3S1 M 6 na 0.01 0.07 92.24 0.29 6.14 98.9 <1 
EET_C3S1 M 2 0.06 0.07 0.03 91.04 0.33 6.16 97.7 <1 
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SRM  
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
EET_C3S1 Pn 1 0.02 29.58 0.05 41.10 0.18 25.79 96.7 <1 
EET_C3S1 Po 1 na 36.39 0.11 62.40 0.12 0.98 100.0 <1 
EET_C3S1 Po 2 na 36.13 0.10 62.06 0.10 1.04 99.4 <1 
EET_C3S1 Po 3 na 35.80 0.09 62.89 0.10 1.07 100.0 <1 
EET_C3S1 Po 4 na 35.91 0.07 62.51 0.10 0.90 99.5 <1 
EET_C3S1 Po 5 na 35.71 0.10 62.54 0.12 0.82 99.3 <1 
EET_C3S2 M 1 na 0.01 0.09 92.02 0.33 6.43 99.0 <1 
EET_C3S2 M 2 na 0.01 0.10 92.07 0.31 6.52 99.1 <1 
EET_C3S2 M 3 na 0.01 0.07 92.63 0.29 6.38 99.5 <1 
EET_C3S2 M 5 na 0.01 0.06 92.33 0.28 6.24 99.1 <1 
EET_C3S2 M 1 0.06 bdl bdl 82.04 0.52 16.14 98.8 <1 
EET_C3S2 Pn 1 bdl 32.87 0.08 34.23 0.21 31.29 98.7 <1 
EET_C3S2 Po 1 na 36.04 0.08 62.59 0.07 0.54 99.3 <1 
EET_C3S2 Po 2 na 36.08 0.06 62.45 0.09 0.75 99.4 <1 
EET_C3S2 Po 3 na 36.02 0.06 62.63 0.11 0.87 99.7 <1 
EET_C3S2 Po 4 na 35.95 0.06 62.76 0.11 0.86 99.7 <1 
EET_C3S2 Po 5 na 35.99 0.06 62.48 0.10 1.16 99.8 <1 
EET_C3S2 Po 6 na 35.76 0.03 61.72 0.15 1.28 98.9 <1 
EET_C3S3 M 1 na 0.01 0.07 92.92 0.30 6.31 99.7 <1 
EET_C3S3 M 2 na 0.02 0.06 92.53 0.32 6.33 99.4 <1 
EET_C3S3 M 3 na 0.00 0.09 92.42 0.31 6.50 99.4 <1 
EET_C3S3 M 5 na 0.01 0.07 92.67 0.30 6.33 99.5 <1 
EET_C3S3 Po 1 na 36.07 0.06 62.60 0.10 0.80 99.6 <1 
EET_C3S3 Po 2 na 35.89 0.05 62.82 0.08 0.73 99.6 <1 
EET_C3S3 Po 3 na 35.81 0.07 62.62 0.09 0.85 99.5 <1 
EET_C3S3 Po 4 na 36.11 0.06 62.91 0.06 0.67 99.8 <1 
EET_C3S6 M 1 na 0.05 0.08 92.66 0.29 6.37 99.6 <1 
EET_C3S6 M 2 na 0.01 0.07 92.85 0.29 6.38 99.7 <1 
EET_C3S6 M 3 na 0.02 0.09 92.59 0.28 6.24 99.4 <1 
EET_C3S6 M 4 na 0.02 0.08 92.19 0.29 6.28 99.0 <1 
EET_C3S6 M 5 na 0.02 0.08 93.22 0.29 6.30 100.0 <1 
EET_C3S6 Po 1 na 36.11 0.09 62.69 0.11 0.81 99.8 <1 
EET_C3S6 Po 2 na 36.13 0.06 61.99 0.12 0.80 99.1 <1 
EET_C3S6 Po 3 na 35.95 0.08 61.95 0.14 0.92 99.0 <1 
EET_C3S6 Po 4 na 35.89 0.09 62.75 0.09 0.68 99.5 <1 
EET_C3S6 Po 5 na 35.79 0.08 62.32 0.08 0.96 99.2 <1 
EET_C3S8 M 1 bdl 0.04 bdl 70.80 0.87 26.34 98.1 <1 
EET_C3S8 M 2 0.05 0.06 bdl 72.29 0.88 24.98 98.3 <1 
EET_C5S4 M 4 na 0.09 bdl 95.05 0.20 4.53 100.0 <1 
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SRM  
Grain Phase Point P S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
EET_C5S4 Po 1 bdl 37.00 0.11 61.88 0.04 0.16 99.2 <1 
EET_C5S4 Po 2 bdl 37.01 0.08 61.72 0.06 0.15 99.0 <1 
QUE99_C3S1 M 1 na 0.02 0.14 96.13 0.22 4.34 101.1 <1 
QUE99_C3S1 M 2 na 0.01 0.14 96.61 0.20 4.29 101.5 <1 
QUE99_C3S1 M 3 na 0.02 0.12 96.30 0.21 4.33 101.2 <1 
QUE99_C3S1 Pn 2 bdl 34.02 0.06 40.23 0.44 22.96 97.7 <1 
QUE99_C3S1 Po 4 na 36.76 0.10 63.67 0.00 0.13 100.7 <1 
QUE99_C3S1 Po 5 na 36.05 0.08 62.81 0.04 0.19 99.2 <1 
QUE99_C3S1 Po 1 bdl 36.35 0.05 61.60 0.07 0.13 98.2 <1 
QUE99_C3S2 M 1 na 0.41 0.11 93.62 0.20 4.15 98.7 <1 
QUE99_C3S2 Pn 7 na 35.26 0.09 54.07 0.23 9.75 99.5 <1 
QUE99_C3S2 Po 4 na 34.31 0.08 45.43 0.57 16.76 97.1 <1 
QUE99_C3S4 M 1 na 0.06 0.12 95.97 0.19 3.92 100.4 <1 
QUE99_C3S4 M 2 na 0.03 0.11 97.19 0.21 3.92 101.7 <1 
QUE99_C3S4 Pn 1 bdl 34.47 0.09 45.74 0.82 17.21 98.3 <1 
QUE99_C3S4 Po 3 na 36.49 0.09 63.20 0.05 0.22 100.1 <1 
QUE99_C3S5 M 1 na 0.00 0.15 96.26 0.20 4.26 101.1 <1 
QUE99_C3S5 M 2 na 0.01 0.14 95.94 0.20 4.26 100.7 <1 
QUE99_C3S5 M 3 na 0.01 0.13 95.81 0.19 4.21 100.6 <1 
QUE99_C3S5 M 4 na 0.01 0.11 95.23 0.21 4.17 99.9 <1 
Renazzo_C2S1 M 3 na 0.02 0.06 94.50 0.23 5.22 100.1 <1 
Renazzo_C2S1 Po 1 bdl 35.19 0.04 59.75 0.07 0.87 95.9 <1 
Renazzo_C2S1 Po 2 bdl 35.91 0.04 59.20 0.05 1.03 96.2 <1 
Renazzo_C2S3 M 2 na 0.09 0.08 92.97 0.27 5.40 98.9 <1 
Renazzo_C2S3 M 3 na 0.02 0.06 94.53 0.24 5.38 100.4 <1 
Renazzo_C2S3 Po 1 bdl 35.49 0.07 58.00 0.19 2.60 96.3 <1 
Renazzo_C2S3 Po 2 bdl 36.12 0.06 56.55 0.24 4.13 97.1 <1 
Renazzo_C4S5 M 1 na 0.02 0.06 93.47 0.28 5.84 99.8 <1 
Renazzo_C4S5 M 2 na 0.02 0.06 93.89 0.27 5.73 100.1 <1 
Renazzo_C4S5 M 3 na 0.02 0.05 94.06 0.29 5.82 100.4 <1 
Renazzo_C4S5 M 4 na 0.01 0.06 93.77 0.29 5.83 100.1 <1 
Renazzo_C4S5 Pn 1 bdl 33.11 0.08 36.42 1.30 24.67 95.6 <1 
Renazzo_C4S5 Po 5 na 36.18 0.03 61.50 0.00 0.22 98.1 <1 
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Appendix III. Bulk Compositions 
EPMA Analyses in wt. % 
CM 
PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
QUE97_C12S2 Pn 8 33.20 0.02 40.47 0.68 24.77 99.1 <1     
  9 33.56 0.02 40.38 0.72 24.64 99.3 <1     
  Average 33.38 0.02 40.42 0.70 24.70   0.25 4.80 1.20  
  Std dev 0.18 0.00 0.05 0.02 0.06       
Po 2 37.03 0.03 60.91 0.21 1.39 99.6 10 
3 36.96 0.03 60.86 0.20 1.39 99.4 10 
  4 37.07 0.03 60.54 0.24 1.41 99.3 10     
  Average 37.02 0.03 60.77 0.22 1.40   0.75 4.61 3.46  
  Std dev 0.05 0.00 0.16 0.02 0.01       
 Bulk  36.08 0.03 55.53 0.34 7.40 99.4     4.66 
  Std dev 0.08 0.00 0.13 0.02 0.02             
QUE97_C18S1b Pn (sn) 2 34.10 0.03 41.96 0.79 22.79 99.7 <1     
  4 33.67 0.03 41.10 0.80 23.30 98.9 <1     
  Average 33.89 0.03 41.53 0.79 23.04   0.51 4.77 2.44  
  Std dev 0.31 0.00 0.61 0.00 0.36       
 Po 1 37.11 0.04 62.26 0.04 0.39 99.8 10     
  3 37.11 0.05 62.31 0.06 0.37 99.9 10     
  Average 37.11 0.04 62.29 0.05 0.38   0.49 4.61 2.26  
  Std dev 0.00 0.00 0.04 0.02 0.01       
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PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
 Bulk  35.44 0.04 51.51 0.44 12.15 99.6     4.69 
  Std dev 0.16 0.00 0.33 0.01 0.19             
QUE97_S4 Pn 11 37.22 bdl 60.26 0.24 2.97 100.7 <1     
  13 36.88 bdl 61.89 0.14 1.37 100.3 <1     
  Average 37.05 bdl 61.07 0.19 2.17   0.08 4.80 0.39  
  Std dev 0.24 bdl 1.15 0.07 1.13       
 Po 1 36.68 0.01 60.35 0.25 2.37 99.7 10     
  3 37.04 0.03 60.69 0.23 2.32 100.3 10     
4 37.04 0.02 61.17 0.20 1.38 99.8 10 
5 36.97 bdl 61.44 0.21 1.24 99.9 10 
  Average 36.93 0.02 60.91 0.22 1.83   0.92 4.61 4.23  
  Std dev 0.17 0.01 0.49 0.02 0.60       
 Bulk  36.94 0.02 60.93 0.22 1.86 100.0     4.63 
  Std dev 0.18 0.01 0.55 0.03 0.65             
QUE97_S11 Pn 7 33.43 bdl 31.62 1.13 32.81 99.0 <1     
  8 33.59 bdl 31.55 1.10 32.85 99.1 <1     
  9 33.16 0.01 32.01 1.17 32.72 99.1 <1     
  Average 33.39 bdl 31.73 1.13 32.80   0.21 4.80 1.01  
  Std dev 0.22 bdl 0.25 0.03 0.07       
 Wid 1 37.25 0.03 53.78 0.33 7.79 99.2 10     
  2 37.72 0.04 53.95 0.39 7.50 99.6 10     
  3 37.41 0.05 53.25 0.40 8.27 99.4 10     
  4 36.99 0.04 52.98 0.35 8.36 98.7 10     
  5 36.40 0.04 53.36 0.37 8.43 98.6 10     
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PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
QUE97_S11 Wid 6 36.35 0.06 53.59 0.37 8.47 98.8 10     
  Average 37.02 0.04 53.48 0.37 8.14   0.79 4.63 3.66  
  Std dev 0.55 0.01 0.36 0.02 0.40       
 Bulk  36.24 0.03 48.78 0.53 13.47 99.1     4.67 
  Std dev 0.48 0.01 0.34 0.02 0.33             
Murray552_S10 Pn 2 35.71 na 0.37 0.05 61.39 97.7 <1 0.05 4.80 0.22  
 Po 1 35.78 na 1.46 0.20 60.33 97.8 5     
  2 35.82 na 1.37 0.19 60.21 97.7 5     
Average 35.80 na 1.41 0.20 60.27 0.96 4.61 4.40 
Std dev 0.02 na 0.06 0.01 0.09 
 Bulk  35.80 na 1.36 0.19 60.32 97.7     4.62 
  Std dev 0.02 na 0.06 0.01 0.09             
Murray552_S13 Pn 1 34.86 na 6.35 0.60 55.62 97.4 <1 0.05 4.80 0.24  
 Po 1 35.66 na 2.42 0.37 59.22 97.7 5     
  2 35.74 na 2.16 0.31 59.67 97.9 5     
  3 35.51 na 1.26 0.25 60.34 97.4 5     
  4 35.42 na 0.90 0.15 60.79 97.3 5     
  5 35.79 na 0.38 0.09 61.39 97.6 5     
  Average 35.62 na 1.42 0.23 60.28   0.95 4.61 4.38  
  Std dev 0.14 na 0.77 0.10 0.77       
 Bulk  35.58 na 1.68 0.25 60.04 97.6     4.62 
  Std dev 0.13 na 0.73 0.10 0.73             
Murchison_S4 Po 1 36.52 0.02 61.68 0.11 0.52 98.9 10     
  2 36.58 0.02 61.33 0.09 0.55 98.6 10     
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PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
Murchison_S4 Po 3 36.54 0.03 61.22 0.10 0.56 98.5 10     
  4 36.11 0.04 61.61 0.09 0.44 98.3 10     
  5 36.28 0.01 61.42 0.05 0.44 98.2 10     
  Average 36.41 0.02 61.45 0.09 0.50       
  Std dev 0.18 0.01 0.17 0.02 0.05             
Murchison_S6 Lam 1 36.57 0.02 60.92 0.13 0.78 98.4 5     
  2 36.60 0.04 59.63 0.19 1.69 98.2 5     
  3 36.40 0.02 60.41 0.22 1.22 98.3 5     
4 35.95 0.03 54.54 0.69 7.33 98.5 5 
Average 36.38 0.03 58.88 0.31 2.76 
  Std dev 0.26 0.01 2.54 0.22 2.66       
MMI-PPI 
QUE97_S13 Po 1 36.59 bdl 61.97 0.18 0.73 99.5 10     
  2 36.35 0.01 62.09 0.17 0.81 99.4      
  3 35.43 bdl 61.83 0.21 2.22 99.7      
  Average 36.12 0.01 61.96 0.18 1.25   0.77 4.61 2.64  
  Std dev 0.61 0.00 0.13 0.02 0.84       
 Pn (sn) 8 34.14 bdl 19.39 0.89 44.40 98.8 <1 0.23 4.74 2.03  
 M M1 0.06 bdl 41.15 1.70 55.08 98.0 <1     
  M2 0.30 bdl 42.85 1.82 52.94 97.9      
  Average 0.18 bdl 42.00 1.76 54.01   0.006 8.43 0.05 4.72 
  Std dev 0.17 bdl 1.21 0.08 1.52       
 Bulk  34.88 bdl 43.44 0.51 20.37 99.2      
  Std dev 0.35 0.00 0.09 0.01 0.49       
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SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
Murray552_S25 Po 1 36.62 0.10 59.68 0.04 0.07 96.5 <1         
  2 36.40 0.09 60.30 0.00 0.07 96.9      
 Bulk sulfide Average 36.51 0.10 59.99 0.02 0.07 96.7      
  Std dev 0.16 0.00 0.44 0.03 0.00 0.3      
 M 1 0.04 na 94.28 0.21 4.35 99.0 <1     
  2 0.05 na 94.02 0.21 4.33 98.8      
 Bulk metal Average 0.04 na 94.15 0.21 4.34 98.9      
Std dev 0.01 na 0.18 0.00 0.02 0.1 
QUE97_S39 M 1 0.05 0.40 92.91 0.26 5.25 99.2           
  2 0.02 na 94.02 0.25 4.72 99.4      
  3 0.03 na 95.47 0.24 4.63 100.8      
  4 0.01 na 95.76 0.26 4.47 101.1      
  5 0.08 na 93.69 0.23 4.87 99.4      
  6 0.04 na 94.53 0.22 5.37 100.6      
 Bulk metal Average 0.04 na 94.40 0.24 4.89 100.1      
  Std dev 0.02 na 1.09 0.02 0.36 0.8      
QUE97_S40 Po 1 35.50 0.09 60.56 0.05 0.12 96.3 <1         
  2 36.44 0.07 61.40 0.03 0.10 98.1      
 Bulk sulfide Average 35.97 0.08 60.98 0.04 0.11 97.2      
  Std dev 0.67 0.02 0.59 0.01 0.01 1.2      
 M 1 0.01 na 95.58 0.23 5.20 101.4 <1     
  2 0.01 na 96.34 0.27 5.16 102.0      
  3 0.02 na 95.94 0.28 4.95 101.6      
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SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
QUE97_S40 M 4 0.01 na 95.33 0.25 5.36 101.1      
  5 0.01 na 95.36 0.26 5.67 101.6      
 Bulk metal Average 0.01 na 95.71 0.26 5.27 101.5      
  Std dev 0.00 na 0.43 0.02 0.27 0.3           
CR 
PPI 
EET_C4S1 Po 1 36.17 0.08 60.68 0.16 1.20 98.3 10     
2 36.19 0.13 61.18 0.14 0.94 98.6 10 
3 36.14 0.13 61.41 0.15 1.35 99.2 10 
  Average 36.17 0.11 61.09 0.15 1.16       
  Std dev 0.02 0.03 0.38 0.01 0.21             
MET_C1S1 Pn 5 33.01 bdl 41.96 0.59 22.41 98.0 <1     
  6 32.88 bdl 41.27 0.59 22.86 97.6 <1     
  8 32.62 bdl 41.40 0.70 22.59 97.3 <1     
  Average 32.84 bdl 41.54 0.63 22.62   0.47 4.80 2.26  
  Std dev 0.20 bdl 0.37 0.06 0.23       
 Po 1 35.63 bdl 61.86 0.04 0.03 97.6 10     
  2 35.52 bdl 61.33 0.06 0.08 97.0 10     
  Average 35.57 bdl 61.59 0.05 0.05   0.53 4.61 2.44  
  Std dev 0.07 bdl 0.37 0.01 0.04       
 Bulk  34.26 bdl 51.97 0.33 10.89 97.4     4.70 
  Std dev 0.13 bdl 0.37 0.04 0.13             
MET_S7 Pn 14 32.17 bdl 36.21 0.75 28.02 97.2 <1 0.09 4.80 0.43  
 Po 1 35.96 0.07 58.05 0.23 2.83 97.2 10     
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PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
MET_S7 Po 4 35.84 bdl 57.53 0.25 3.42 97.1 10     
  5 36.09 bdl 57.90 0.25 2.89 97.2 10 0.91 4.61 4.20  
  Average 35.96 bdl 57.83 0.24 3.04       
  Std dev 0.13 bdl 0.27 0.01 0.33       
 Bulk  35.61 bdl 55.81 0.29 5.38 97.1     4.63 
  Std dev 0.11 bdl 0.24 0.01 0.30             
QUE99_C1S2 Pn 4 33.76 0.02 39.64 0.80 24.21 98.7 <1 0.28 4.80 1.34  
 Po 1 36.91 0.03 62.49 0.14 0.84 100.4 <1     
3 35.84 0.02 53.50 0.35 7.89 97.7 
Average 36.37 0.03 57.99 0.25 4.37 0.72 4.61 3.32 
  Std dev 0.76 0.00 6.36 0.15 4.98       
 Bulk  35.62 0.02 52.70 0.41 10.09 98.8     4.66 
  Std dev 0.54 0.00 4.53 0.11 3.54             
QUE99_S2 Po 1 36.82 0.04 63.39 0.11 0.31 100.8 5     
  2 36.80 0.04 63.40 0.11 0.28 100.7 5     
  3 36.54 0.05 63.28 0.11 0.35 100.4 5     
  4 36.59 0.05 63.48 0.07 0.27 100.6 5     
  5 36.78 0.05 63.12 0.12 0.29 100.4 5     
  Average 36.71 0.05 63.34 0.11 0.30       
  Std dev 0.13 0.00 0.14 0.02 0.03             
Renazzo_C9S1 Pn 1 34.00 0.07 37.06 1.24 26.33 99.1 <1     
  2 33.76 0.06 35.97 1.25 27.52 98.7 <1     
  3 33.40 bdl 34.15 1.29 27.95 97.1 <1     
  4 33.65 0.02 34.31 1.21 28.83 98.3 <1     
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PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
Renazzo_C9S1 Pn Average 33.70 0.05 35.37 1.25 27.66   0.22 4.80 1.06  
  Std dev 0.25 0.03 1.39 0.03 1.04       
 Po 1 36.64 0.07 60.02 0.17 3.16 100.2 5     
  2 36.27 0.08 58.07 0.25 4.65 99.5 5     
  3 36.65 0.08 61.03 0.08 1.47 99.4 5     
  4 36.72 0.06 61.03 0.08 1.67 99.6 5     
  Average 36.57 0.07 60.04 0.15 2.74   0.78 4.61 3.60  
  Std dev 0.20 0.01 1.40 0.08 1.48       
Bulk 35.92 0.07 54.44 0.40 8.40 99.2 4.65 
Std dev 0.21 0.01 1.39 0.07 1.38             
MMI-PPI 
EET_C1S1 Pn 6 34.08 0.07 47.04 0.48 16.70 98.4 <1     
  7 32.53 0.06 37.51 0.51 26.53 97.2 <1     
  Average 33.30 0.06 42.28 0.50 21.61   0.06 4.80 0.29  
  Std dev 0.78 0.01 4.76 0.02 4.92       
 Po 1 35.81 0.04 60.56 0.17 1.57 98.2 10     
  2 36.05 bdl 60.25 0.18 1.61 98.2 10     
  3 35.93 0.05 60.57 0.16 1.38 98.2 10     
  4 35.93 bdl 60.66 0.18 1.47 98.2 10     
  5 36.01 bdl 60.55 0.22 1.56 98.4 10     
  Average 35.95 0.05 60.52 0.18 1.52   0.92 4.61 4.24  
  Std dev 0.08 0.00 0.14 0.02 0.08       
 M 1 bdl bdl 46.81 1.37 53.54 101.7 <1     
  2 bdl bdl 68.77 1.91 30.03 100.7 <1     
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MMI-PPI 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
EET_C1S1 M Average bdl bdl 41.79 1.64 57.79   0.02 8.43 0.17  
  Std dev bdl bdl 16.62 0.38 15.53       
 Bulk  34.48 bdl 58.71 0.25 4.79 98.2     4.70 
  Std dev 0.12 bdl 1.02 0.03 0.94             
EET_C1S2 Pn (sn) 5 33.16 bdl 42.83 0.64 20.39 97.0 <1     
  6 32.71 bdl 41.04 0.59 23.39 97.8      
  Average 32.93 bdl 41.94 0.62 21.89   0.13 4.77 0.62  
  Std dev 0.32 bdl 1.27 0.04 2.13       
Po 1 35.94 bdl 61.06 0.20 2.03 99.3 10 
2 35.90 bdl 61.32 0.23 1.61 99.1 
  3 36.19 bdl 60.87 0.21 1.34 98.6      
  4 35.95 0.04 61.14 0.19 1.12 98.5      
  Average 35.99 bdl 61.10 0.21 1.53   0.85 4.61 3.92  
  Std dev 0.13 bdl 0.19 0.02 0.40       
 M 1 0.05 bdl 46.83 1.44 49.32 97.6 <1 0.02 8.43 0.17  
 Bulk  34.29 bdl 58.06 0.31 5.93 3.5     4.71 
  Std dev 0.15 bdl 0.32 0.02 0.61       
SRM 
EET_C3S1 Po 1 36.39 0.11 62.40 0.12 0.98 100.0 <1     
  2 36.13 0.10 62.06 0.10 1.04 99.4      
  3 35.80 0.09 62.89 0.10 1.07 100.0      
  4 35.91 0.07 62.51 0.10 0.90 99.5      
  5 35.71 0.10 62.54 0.12 0.82 99.3      
  Average 35.99 0.09 62.48 0.11 0.96 99.6  0.90 4.61 4.17  
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SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
EET_C3S1 Po Std dev 0.27 0.02 0.30 0.01 0.10 0.3      
 Pn 1 29.58 0.05 41.10 0.18 25.79 96.7 <1 0.10 4.83 0.46 4.63 
 M 1 0.02 0.07 92.45 0.28 6.15 99.2 <1 0.97 7.81 7.57  
  2 0.01 0.06 92.14 0.30 6.16 98.8      
  3 0.02 0.08 92.65 0.27 6.22 99.4      
  4 0.01 0.06 92.51 0.31 6.30 99.5      
  5 0.01 0.07 92.24 0.29 6.14 98.9      
  6 0.07 0.03 91.04 0.33 6.16 97.7      
Average 0.02 0.06 92.17 0.30 6.19 98.9 
Std dev 0.02 0.02 0.59 0.02 0.06 0.7 
 Ni-rich m 1 0.51 0.03 79.80 0.61 17.39 98.5 <1 0.03 7.83 0.23 7.81 
 Bulk sulfide Average 35.35 0.09 60.34 0.11 3.45 99.3      
  Std dev 0.25 0.01 0.27 0.01 0.09       
 Bulk metal  0.04 0.06 91.80 0.31 6.53 98.7      
  Std dev 0.02 0.02 0.57 0.02 0.06       
EET_C3S2 Po 1 36.04 0.08 62.59 0.07 0.54 99.3 <1         
  2 36.08 0.06 62.45 0.09 0.75 99.4      
  3 36.02 0.06 62.63 0.11 0.87 99.7      
  4 35.95 0.06 62.76 0.11 0.86 99.7      
  5 35.99 0.06 62.48 0.10 1.16 99.8      
  6 35.76 0.03 61.72 0.15 1.28 98.9      
  Average 35.97 0.06 62.44 0.10 0.91 99.5  0.98 4.61 4.50  
  Std dev 0.11 0.01 0.37 0.03 0.27 0.3      
 Pn 1 32.87 0.08 34.23 0.21 31.29 98.7 <1 0.02 4.83 0.12 4.62 
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SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
EET_C3S2 M 1 0.01 0.09 92.02 0.33 6.43 99.0 <1 0.94 7.83 7.36  
  2 0.01 0.10 92.07 0.31 6.52 99.1      
  3 0.01 0.07 92.63 0.29 6.38 99.5      
  4 0.01 0.06 92.33 0.28 6.24 99.1      
  Average 0.01 0.08 92.26 0.30 6.39 99.2      
  Std dev 0.00 0.02 0.28 0.02 0.12 0.2      
 Ni-rich m 1 0.00 0.00 82.04 0.52 16.14 98.8 <1 0.06 7.89 0.47 7.83 
 Bulk sulfide Average 35.99 0.06 62.48 0.10 1.15 99.8      
Std dev 34.86 0.03 60.17 0.15 1.25 
Bulk metal 0.01 0.08 91.64 0.32 6.98 99.2 
  Std dev 0.00 0.02 0.26 0.02 0.11       
EET_C3S3 Po 1 36.07 0.06 62.60 0.10 0.80 99.6 <1         
  2 35.89 0.05 62.82 0.08 0.73 99.6      
  3 35.81 0.07 62.62 0.09 0.85 99.5      
  4 36.11 0.06 62.91 0.06 0.67 99.8      
 Bulk sulfide Average 35.97 0.06 62.74 0.08 0.76 99.6      
  Std dev 0.14 0.01 0.15 0.02 0.08 0.2      
 M 1 0.01 0.07 92.92 0.30 6.31 99.7 <1     
  2 0.02 0.06 92.53 0.32 6.33 99.4      
  3 0.00 0.09 92.42 0.31 6.50 99.4      
  4 0.01 0.07 92.67 0.30 6.33 99.5      
 Bulk metal Average 0.01 0.08 92.63 0.31 6.37 99.5      
  Std dev 0.01 0.01 0.22 0.01 0.09 0.2      
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SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
EET_C3S6 Po 1 36.11 0.09 62.69 0.11 0.81 99.8 <1         
  2 36.13 0.06 61.99 0.12 0.80 99.1      
  3 35.95 0.08 61.95 0.14 0.92 99.0      
  4 35.89 0.09 62.75 0.09 0.68 99.5      
  5 35.79 0.08 62.32 0.08 0.96 99.2      
 Bulk sulfide Average 35.97 0.08 62.34 0.11 0.83 99.3      
  Std dev 0.15 0.01 0.38 0.02 0.11 0.3      
 M 1 0.05 0.08 92.66 0.29 6.37 99.6 <1     
2 0.01 0.07 92.85 0.29 6.38 99.7 
3 0.02 0.09 92.59 0.28 6.24 99.4 
  4 0.02 0.08 92.19 0.29 6.28 99.0      
  5 0.02 0.08 93.22 0.29 6.30 100.0      
 Bulk metal Average 0.02 0.08 92.70 0.29 6.31 99.5      
  Std dev 0.02 0.01 0.38 0.01 0.06 0.4      
EET_C5S4 Po 1 37.00 0.11 61.88 0.04 0.16 99.2 <1         
  2 37.01 0.08 61.72 0.06 0.15 99.0      
 Bulk sulfide Average 37.01 0.09 61.80 0.05 0.15 99.1      
  Std dev 0.01 0.02 0.11 0.01 0.01 0.1      
QUE99_C3S1 Po 1 36.76 0.10 63.67 0.00 0.13 100.7 <1 0.89 4.61 4.11   
  2 36.05 0.08 62.81 0.04 0.19 99.2      
  3 36.35 0.05 61.60 0.13 0.07 98.2      
  Average 36.39 0.07 62.69 0.06 0.13 99.3      
  Std dev 0.36 0.03 1.04 0.07 0.06 1.2      
 Pn 1 34.02 0.06 40.23 0.44 22.96 97.7 <1 0.11 4.83 0.53 4.63 
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SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
QUE99_C3S1 M 1 0.02 0.14 96.13 0.22 4.34 101.1 <1     
  2 0.01 0.14 96.61 0.20 4.29 101.5      
  3 0.02 0.12 96.30 0.21 4.33 101.2      
 Bulk metal Average 0.02 0.13 96.35 0.21 4.32 101.3      
  Std dev 0.00 0.01 0.25 0.01 0.03 0.2      
 Bulk sulfide Average 36.12 0.07 60.14 0.10 2.72 99.2      
  Std dev 0.31 0.02 0.92 0.06 0.05       
QUE99_C3S2 Po 1 35.26 0.09 54.07 0.23 9.75 99.5 <1 0.69 4.61 3.16   
Pn 1 34.31 0.08 45.43 0.57 16.76 97.1 <1 0.31 4.83 1.52 4.68 
M 1 0.41 0.11 93.62 0.20 4.15 98.7 <1 
 Bulk sulfide 34.95 0.08 51.27 0.34 12.02 98.7      
QUE99_C3S4 Po 1 36.49 0.09 63.20 0.05 0.22 100.1 <1 0.87 4.61 4.02   
 Pn 1 34.47 0.09 45.74 0.82 17.21 98.3 <1 0.13 4.83 0.62 4.64 
 M 1 0.06 0.12 95.97 0.19 3.92 100.4 <1     
  2 0.03 0.11 97.19 0.21 3.92 101.7      
 Bulk metal Average 0.04 0.12 96.58 0.20 3.92 101.0      
  Std dev 0.02 0.01 0.86 0.02 0.00 0.9      
 Bulk sulfide 36.22 0.09 60.87 0.15 2.48 99.8      
Renazzo_C2S1 Po 1 35.19 0.04 59.75 0.07 0.87 95.9 <1         
  2 35.91 0.04 59.20 0.05 1.03 96.2      
 Bulk sulfide Average 35.55 0.04 59.47 0.06 0.95 96.1      
  Std dev 0.51 0.00 0.39 0.02 0.11 0.2      
 M 1 0.02 0.06 94.50 0.23 5.22 100.1 <1     
              
 126 
 
SRM 
Grain Phase Point§ S Cr Fe Co Ni Total 
Beam 
Size 
(µm) 
A 
fraction Density A× density Sum 
Renazzo_C2S3 Po 1 35.49 0.07 58.00 0.19 2.60 96.3 <1         
  2 36.12 0.06 56.55 0.24 4.13 97.1      
 Bulk sulfide Average 35.81 0.06 57.28 0.21 3.37 96.7      
  Std dev 0.45 0.00 1.03 0.04 1.08 0.5      
 M 1 0.09 0.08 92.97 0.27 5.40 98.9 <1     
  2 0.02 0.06 94.53 0.24 5.38 100.4      
 Bulk metal Average 0.05 0.07 93.75 0.25 5.39 99.6      
  Std dev 0.05 0.01 1.10 0.02 0.01 1.0      
Renazzo_C4S5 Po 1 36.18 0.03 61.50 0.00 0.22 98.1 <1 0.86 4.61 3.97   
Pn 1 33.11 0.08 36.42 1.30 24.67 95.6 <1 0.14 4.83 0.67 4.64 
 M 1 0.02 0.06 93.47 0.28 5.84 99.8 <1     
  2 0.02 0.06 93.89 0.27 5.73 100.1      
  3 0.02 0.05 94.06 0.29 5.82 100.4      
  4 0.01 0.06 93.77 0.29 5.83 100.1      
 Bulk metal Average 0.01 0.06 93.80 0.28 5.81 100.1      
  Std dev 0.00 0.00 0.25 0.01 0.05 0.3      
 Bulk sulfide Average 35.74 0.04 57.89 0.19 3.73 97.6           
* po = pyrrhotite, pn = pentlandite, pn (sn) = snowflake texture pentlandite, m = metal, bulk = bulk grain, lam = lamellae texture, wid =widmanstätten texture 
§ Point labels may not match those in Appendix II as this data is a subset of that presented in Appendix II 
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Chapter 3 
 
Synchrotron X-ray Fluorescence Compositional Analysis of FIB-
prepared Sections of CM2 Primary Iron Sulfides and CR2 Primary 
Iron Sulfides and Associated Metal: Trace Elemental Behavior in the 
Solar Nebula 
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Abstract 
 We have performed a coordinated FIB-TEM-SXRF microprobe study to 
determine phase-specific microstructural and high resolution trace element concentrations 
in situ, of primary pyrrhotite, pentlandite, and associated metal grains from chondrules in 
CM and CR carbonaceous chondrites. This work is the first of its kind to link trace 
element chemical and microstructural observations in an attempt to determine formation 
mechanisms and conditions of the primary sulfides in these meteorite groups. SEM, 
EPMA, SXRF, and TEM analyses were performed on a representative sampling of 
primary sulfides and associated metal (pyrrhotite-pentlandite intergrowth (PPI) grains 
and sulfide-rimmed metal (SRM) grains).  
SXRF microprobe analyses were carried out directly on FIB-prepared sections of 
these sulfide grains, allowing the minor and trace elements, Co, Cu, Ge, Zn, and Se to be 
measured, in addition to Fe and Ni, at a spatial resolution of 2 µm. The similarity 
between the CM and CR PPI sulfide trace element patterns provides evidence for similar 
formation mechanisms and conditions. The similarity between the sulfide and metal trace 
element patterns provides evidence for a genetic relationship between the two such as 
sulfidization. Enrichments in Ni, Co, Cu, and Se are consistent with the 
chalcophile/siderophile behavior of these elements. Depletions in Ge and Zn imply that 
the former experienced volatilization, or else was never incorporated into the metal or 
sulfide precursor materials, while the latter is partially lithophile during chondrule 
formation. Trace element concentrations support a crystallization model of formation for 
the PPI grains and a sulfidization model of formation for the SRM grains. 
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Introduction 
 Recent studies (e.g., Kimura et al., 2011; Harries and Langenhorst, 2013; 
Schrader et al., 2015; 2016; Chapter 2) have identified primary iron sulfides, specifically 
pyrrhotite (Fe1-xS) and pentlandite ((Fe,Ni)9S8), in CM and CR carbonaceous chondrites 
which likely formed by different mechanisms. These primary sulfides occur in several 
different textural forms, such as pyrrhotite-pentlandite intergrowth grains, containing 
mostly pyrrhotite with lesser amounts of pentlandite (Fig. 3.1 a–c; PPI grains of Chapter 
2) and sulfide-rimmed metal grains, consisting of a kamacite core rimmed by pyrrhotite 
with small amounts of pentlandite (Fig. 3.1 d–f; SRM grains of Chapter 2).  
 
Figure 3.1. BSE images of primary iron sulfides, including (a–c) a PPI grain in a type 
IIA chondrule from CM QUE 97990 and (d–f) a SRM grain in a type IA chondrule from 
CR EET 92042. Note the presence of pentlandite exsolution textures such as patches (b) 
and lamellae (c). po = pyrrhotite, pn = pentlandite, m = Fe,Ni metal. 
Both groups are hypothesized to have formed in the solar nebula, the PPI grains 
by crystallization of sulfide melts during the chondrule formation event(s) and the SRM 
grains by sulfidization of Fe,Ni metal by H2S gas. Compositional studies, particularly 
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involving trace elements, of either textural group has the potential to reveal information 
relating to nebular conditions and processes. Many minor and trace elements in 
meteorites are highly chalcophile, preferring to be incorporated into sulfide phases. In 
addition, these chalcophile elements tend to be moderately and highly volatile having 
condensed at low temperatures (i.e., <1230 K; McSween and Huss, 2010). Such elements 
and, by proxy, the phases they are hosted in can shed light on key events in the 
formational history of the solar system. 
The purpose of the current study involves evaluating the trace element 
concentrations in CM and CR primary iron sulfides (pyrrhotite and pentlandite) and 
associated Fe,Ni metal to better understand their formation conditions and mechanisms 
and to better understand the partitioning behavior of the elements in these phases. This is 
essential as there are very few analyses of trace elements in meteoritic sulfides and none 
of individual phases in CM and CR sulfides/metals.  
The vast majority of past trace element studies of extraterrestrial samples 
involved bulk analyses (INAA, RNAA) (e.g., Grossman and Wasson, 1985; Kallemeyn et 
al., 1989; Wasson and Kallemeyn, 1988). However, oftentimes research requires the 
determination of trace element concentrations in individual phases such as for studies of 
solid-liquid or solid-solid partitioning (Paktunc et al., 1990; Fleet et al., 1999; Helmy et 
al., 2010) or trace element zoning within sulfide grains or throughout an entire ore 
deposit (Barnes et al., 2006; Large et al., 2009; Dare et al., 2012). In these cases, in situ 
analyses are required and can be achieved using Secondary Ionization Mass Spectrometry 
(SIMS), Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), 
or Synchroton X-ray Fluorescence (SXRF).  
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Trace element concentrations in sulfides have been determined using the SIMS 
with a minimum spot size down to several microns and minimum detection limits of 
elements down to the ppb level (e.g., Cabri and McMahon, 1995; Steele et al., 2000). 
They have also been determined using the LA-ICP-MS with a minimum spot size down 
to a micron, a wide suite of elements capable of being detected, and minimum detection 
limits of elements down to a few ppb (e.g., Barnes et al., 2006; Large et al., 2009; van 
Acken et al., 2012). However, SIMS and LA-ICP-MS are both destructive techniques; the 
former sputters analysis regions, whereas the latter generates laser ablation pits.  
For trace element concentration analyses, SXRF microscopy is superior to SIMS 
and LA-ICP-MS in terms of spatial resolution capabilities, with a minimum spot size 
down to submicron levels (e.g., 100 nm) depending on the beamline. It is also 
comparable if not superior to these other techniques in terms of minimum detection 
limits, specifically for sulfides (ppm to ppb range). Additionally, it has the added 
advantage of being non-destructive (Sutton et al., 2002). SXRF has been used previously 
to measure trace elements in sulfides in extraterrestrial samples, including troilite (FeS) 
in lunar and Martian basalts (Papike et al., 2011), pyrrhotite in interplanetary dust 
particles (Flynn et al., 2000), pyrrhotite in the CI chondrite Orgueil (Greshake et al., 
1997), sulfides (troilite and pentlandite) and metal in CV chondrites (Brearley, 2007), and 
X-ray mapping of sulfides in CM2 Murchison (Dyl et al., 2014). However, with the 
exception of Flynn et al. (2000), these have all been carried out on polished thin sections 
of samples. This results in large sample excitation volumes inherent in the fact that the 
beam passes through the entire thickness of the thin section (typically 30 µm) further 
degrading the spatial resolution of the analyses and making this much lower than the 
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optimum of 0.1−10 µm, depending on the beamline. 
The small grain sizes, and exsolution textures within grains, of the primary iron 
sulfides in CM and CR chondrites that we aim to study limits the analytical techniques 
and preparation methods at our disposal. If in situ analyses were performed on polished 
thin sections, we could not be assured that only the grain, or phase, in question would be 
analyzed, because the grain, or phase, may not extend all the way through the thin 
section. If this were the case, the beam would interact with other materials below the 
sample surface. To avoid the unintentional analysis of undesired phases, we utilize a 
newly developed technique involving SXRF analyses on focused ion beam (FIB)-
prepared sections similar to the methods outlined in Cook et al. (2015). Additionally, 
using FIB sections allows us to perform TEM analyses on the same material analyzed for 
trace elements, which links trace element compositional data with structural information. 
This work continues the advances in coordinated analyses of extraterrestrial materials and 
further increases our knowledge and understanding of these samples’ formation and 
evolution. 
Methods 
Trace element concentrations of sulfide and sulfide-metal assemblages were 
studied in polished thin sections of the least-altered carbonaceous chondrites CM2 QUE 
97990, CR2 QUE 99177, and CR2 EET 92042 which were obtained from the NASA 
Astromaterials Acquisition and Curation Office. Additionally, a specially-prepared 
polished thin section of the more moderately-altered CM2 Murchison, obtained from the 
Institute of Meteoritics, UNM, was analyzed using X-ray mapping techniques.	For back-
scattered electron (BSE) imaging of the grains and energy dispersive spectrometry (EDS) 
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analysis, we used the FEI Quanta 3D DualBeam® Field Emission Gun Scanning Electron 
Microscope/Focused Ion Beam (FEGSEM/FIB) under the following operating 
conditions: 10 mm working distance, 10 kV (BSE imaging) or 30 kV (EDS analyses and 
maps) accelerating voltage, 16 nA beam current. The imaging conditions (i.e., 10 kV) 
resulted in a higher spatial resolution and were optimal for observing the very fine-scale 
textures present in many of the grains. 	
Preparation of FIB sections for SXRF microprobe analyses and Transmission 
Electron Microscope (TEM) studies was also performed on the FEI Quanta 3D 
Dualbeam® FEGSEM/FIB. The FIB-prepared samples were removed from the thin 
section using the in situ lift out technique with an Omniprobe 200 micromanipulator and 
mounted onto a molybdenum TEM half grid. We attempted to use silicon TEM half grids 
initially, but the brittle nature of Si caused breakage of the grid during routine handling 
both with tweezers and during micromanipulation. Extraction of the FIB samples was 
performed at an ion beam accelerating voltage of 30 kV with a beam current ranging 
between 1 and 5 nA. The FIB sections were mounted on the side of the Mo grid’s spline 
to provide the correct geometry for the SXRF analyses (Fig. 3.2). Our preliminary 
development work, to determine optimum parameters of the FIB sections for SXRF 
analyses, showed that excellent spectra with low backgrounds could be obtained from 
FIB samples that were ~1−2 µm in thickness.  
Final thinning to electron transparency for TEM analyses, performed on just a 
portion of the FIB section rather than the entire section, was carried out at an ion beam 
accelerating voltage of 30 kV, with beam currents decreasing from 0.5 nA to 50 pA at the 
final stage. Platinum straps are usually applied to FIB sections in order to protect the 
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sample from ion beam damage during final thinning to TEM thickness (i.e., electron 
transparency). However, preliminary SXRF work to determine the optimum parameters 
for analyses of FIB sections, indicated a large interference from Pt due to the presence of 
the Pt strap. With this consideration in mind, the FIB sections prepared for this study did 
not have a Pt strap applied until after the SXRF analyses were performed and final 
thinning down to electron transparency for TEM analyses was required. Nevertheless, the 
FIB sample preparation technique still introduces several trace element contaminants into 
the samples. These include Pt that is used to weld the FIB section to the Mo grid, Ga 
implanted into the sample from the ion beam, and W from the Omniprobe needle used for 
micromanipulation. We detected spectral artifacts at the following energies from these 
elements: Pt (9.44, 10.85, 11.07, 11.25 keV), Ga (9.24, 10.26 keV), and W (8.40, 9.67, 
9.96 keV). These contaminants overlap with and, consequently, prevent analyses of the 
following elements of interest for sulfides and metals: Ga, W, Re, Os, Ir, Pt, and Hg. 
 
Figure 3.2. SEI images of (a) the Mo TEM half grid, (b) the spline where the FIB section 
is mounted for SXRF analyses, and (c) the FIB section of PPI grain pyrrhotite from CM 
QUE 97990. 
The major and minor element compositions of the sulfides were obtained on the 
thin section of the sample prior to FIB section extraction, using wavelength dispersive 
spectrometry (WDS) on the JEOL 8200 Electron Probe Microanalyzer (EPMA). 
Operating conditions were 15 kV accelerating voltage, 20 nA beam current, and a beam 
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size of <1 µm. Elements analyzed, the crystals they were measured on, count times, 
detection limits, and standards used are summarized in Table 3.1. Sulfides and metals are 
listed separately as they were collected under different settings and calibration files. 
Appropriate corrections were made for elements whose peaks interfere with one other 
(i.e., Fe and Co) using the Probe for EPMA software (Donovan et al., 1993). We applied 
standard ZAF corrections within Probe for EPMA to our compositional data.  
Table 3.1. EPMA WDS elements, crystals, count times (in seconds), detection limits (in 
wt. %), and standards for both sulfide and metal analyses. 
Sulfides  Metals 
 XL CT DL Std  XL CT DL Std 
S PETJ/L 30–40 0.01–0.02 Pyrite  PETL 30 0.01 Pyrite 
Cr PETJ/L 30–60 0.01–0.04 Chromite  LIFH 30 0.02 Cr metal 
Fe LIF/H 20–30 0.04–0.12 Pyrite  LIFH 20 0.04 Fe metal 
Co LIFH 30–40 0.03–0.16 Co metal  LIFH 30 0.03 Co metal 
Ni LIF/H 20–40 0.03–0.04 Ni metal  LIFH 20 0.04 Ni metal 
* XL = crystal, CT = count time (s), DL = detection limit (wt. %), Std = standard 
Trace element analyses of the phases were obtained using the SXRF Microprobe at 
the GSECARS beamline (13-ID-E) at the Advanced Photon Source (Argonne National 
Laboratory). The use of FIB sections with the SXRF microprobe allowed us to avoid issues 
with beam overlap of adjacent phases, achieve high spatial resolutions (~2 µm) with 
minimum detection limits from <1 ppb to 5.2 ppm, depending on the element, and analyze 
a significantly lower excitation volume compared to polished thin section analyses. Table 
3.2 provides a comprehensive list of the detection limits by element, as well as the peaks 
used for spectral processing. The SXRF analyses were carried out on FIB sections of grains 
that were previously characterized by SEM and EPMA. Four to five spectra were collected 
on different regions of the FIB section using spot analyses at high energy (i.e., 19 keV) 
with the detector heavily filtered to suppress Fe K fluorescence for each of the six FIB 
sections. Iron was used as an internal sensitivity reference using Fe concentrations 
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determined by EPMA for standardization. The Naval Research Laboratory computer 
program for quantitative X-ray fluorescence analysis (NRLXRF) was used to calculate all 
relative sensitivities. In addition, an EDS X-ray map covering a 2×2 mm2 area of a polished 
thin section of CM2 Murchison mounted on a Specpure silica glass slide was collected at 
19 keV with a 3 µm step at 0.07 s time/point. Since this map was collected at high energy 
(i.e., 19 keV), our observations are limited to elements with X-ray emissions at energies 
greater than the Fe K-edge. 
Table 3.2. SXRF microprobe detection limits and peaks used for spectral processing. 
 Detection Limit (ppm)  Peak 
Minimum Maximum  Pyrrhotite Pentlandite Metal 
Fe 0.002 0.104  Kα Kα Kα 
Co 0.001 0.226  Kβ Kα Kβ 
Ni 0.001 0.418  Kα Kα Kα 
Cu 0.002 0.743  Kα Kβ Kα 
Zn 0.011 1.674  Kα Kα Kα 
Ge 0.195 3.896  Kα Kα Kα 
Se 0.008 1.699  Kβ1 Kβ1 Kβ1 
 
The JEOL 2010F FASTEM Field Emission Gun Scanning Transmission Electron 
Microscope (FEGSTEM), operating at 200 kV, was used to obtain high-angle annular 
dark-field (HAADF) STEM images and selecting area electron diffraction (SAED) 
patterns. In-situ X-ray analyses, both spot and EDS maps, were obtained with an Oxford 
Instruments AztecEnergy EDS system coupled to an Oxford X-Max 80 silicon drift 
detector. Of the six FIB sections analyzed with the SXRF, only three were also analyzed 
with the TEM. The other three fell from the Mo grids during handling between the SXRF 
analyses and the final stage of thinning for TEM studies. 
All analytical work, with the exception of SXRF analyses, was performed at the 
University of New Mexico in the Department of Earth & Planetary Sciences and Institute 
of Meteoritics. The combination of analytical techniques involving characterization of 
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individual grains by SEM, microprobe analyses of the grains, preparation of the FIB 
sections, SXRF analyses, thinning a portion of the FIB sections to electron transparency, 
and lastly structural studies on the TEM is a time-consuming process. Unfortunately, this 
results in a limited dataset yield; however, all steps are necessary to get the benefits of the 
high spatial resolution of the SXRF and so are well worth the effort. 
Results 
Textures 
Six FIB sections were studied for coordinated mineralogic, microstructural and 
trace element analyses in this work. Details of the physical and textural characteristics of 
the grains from which they were extracted are provided in Table 3.3. Figure 3.3 shows 
details of the occurrence of the grains and their textural features. As Figure 3.3b, d, and f 
show, two FIB sections were extracted from different regions of the same grain for three 
different grains. Each section within a given grain sampled adjacent regions of pyrrhotite 
or pentlandite (b and d) for the PPI grains and pyrrhotite or metal (f) for the SRM grain. 
This allowed for the study of elemental partitioning between two phases. This approach is 
not possible using conventional SXRF on polished thin sections for our grains owing to 
the complex intergrowth of the phases. Additionally, the regions of pentlandite in the 
grains we extracted FIB sections from have average diameters of no more than 20 µm 
and 8 µm in the CM and CR chondrites, respectively. The grains from which FIB 
sections were extracted include a PPI grain in CM QUE 97990 (Figure 3.3a–b), a PPI 
grain in CR QUE 99177 (3.3c–d), and a SRM grain in CR EET 92042 (3.3e–f).  
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Table 3.3. Physical and textural characteristics of the FIB sections, and the grains from 
which they were extracted, featured in this study. 
 Sample Textural Group 
Spatial 
Occurrence Phase 
FIB section 
Thickness 
(µm) 
Lost prior 
to TEM 
analysis 
CM QUE 97990 PPI 
Type IIA 
chondrule 
Po 1.11 Yes 
Pn 1.35 Yes 
CR QUE 99177 PPI 
Type IIA 
chondrule 
Po 0.94 No 
Pn 1.28 No 
CR EET 92042 SRM 
Intermediate 
chondrule 
Po 1.32 No 
M 1.44 Yes 
* PPI = pyrrhotite-pentlandite intergrowth, SRM = sulfide-rimmed metal, po = pyrrhotite, pn = pentlandite, 
m = metal 
 
 
Figure 3.3. BSE images of (a–b) a PPI grain in a type IIA chondrule from CM QUE 
97990 with locations where pyrrhotite and pentlandite FIB sections were extracted from 
(red rectangles), (c–d), a PPI grain in a type IIA chondrule from CR QUE 99177 with 
locations where pyrrhotite and pentlandite FIB sections were extracted from, and (e–f) a 
SRM grain in a type IA chondrule from CR EET 92042 with locations where pyrrhotite 
and metal FIB sections were extracted from. po = pyrrhotite, pn = pentlandite, m = Fe,Ni 
metal. 
Throughout the remainder of the paper, we will refer to observations and analyses 
from these FIB sections using shorthand notations of meteorite group-phase or textural 
group-phase for simplicity’s sake. Using this convention, CM-PPI-Po refers to the FIB  
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section of pyrrhotite from the PPI grain in CM QUE 97990, CM-PPI-Pn refers to the FIB 
section of pentlandite from the PPI grain in CM QUE 97990, CR-PPI-Po refers to the FIB 
section of pyrrhotite from the PPI grain in CR QUE 99177, CR-PPI-Pn refers to the FIB 
section of pentlandite from the PPI grain in CR QUE 99177, CR-SRM-Po refers to the 
FIB section of pyrrhotite from the SRM grain in CR EET 92042, CR-SRM-M refers to 
the FIB section of kamacite from the SRM grain in CR EET 92042, PPI pyrrhotite refers 
to the FIB sections of pyrrhotite from the PPI grains in CM QUE 97990 and CR QUE 
99177, and PPI pentlandite refers to the FIB sections of pentlandite from the PPI grains in 
CM QUE 97990 and CR QUE 99177. Note that these FIB sections are not necessarily 
representative of their textural and meteorite groups. 
These different grains were chosen as representatives of their textural groups due 
to their homogeneity within a given phase at the resolution of the FEGSEM. 
Additionally, they do not show textural evidence of aqueous alteration, such as the 
presence of porosity, reaction fronts, or alteration to different phases (Chapter 4). All 
SRM grains in CM chondrites observed in our previous work show some degree of 
alteration; hence, an SRM grain from a CM chondrite was not included in this study. The 
PPI grains in CM and CR chondrites occur predominantly in type IIA chondrules and the 
matrix, though they have been observed in type IA chondrules as well. These grains 
likely formed by crystallization of sulfide melts in chondrules during the chondrule 
formation event(s) (Chapter 2). The SRM grains in CR chondrites occur in type IA and, 
less often, type IIA chondrules but are not observed in the matrix. These grains likely 
formed by sulfidization of Fe,Ni metal by H2S gas in the solar nebula Chapter 2). 
The TEM studies were performed on these FIB sections after SXRF analyses in  
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an attempt to determine the homogeneity of the phases on a submicron scale. 
Unfortunately, three of the six FIB sections, both the pyrrhotite and pentlandite FIB 
sections from the CM QUE 97990 PPI grain and the SRM metal grain from CR EET 
92042, were lost between the SXRF analyses and the final stage of FIB thinning for TEM 
studies was completed. Coordinated TEM studies were performed on the remaining three 
FIB sections, specifically the PPI pyrrhotite and pentlandite FIB sections from CR QUE  
99177 and SRM pyrrhotite from CR EET 92042. 
TEM EDS X-ray maps and HAADF STEM images of the three surviving FIB 
sections are shown in Figures 3.4 and 3.5. While compositional variations are difficult to 
discern in the DF images (Fig. 3.4d, 3.5d, 3.5f), they are clearly apparent in the EDS X-
ray maps (Fig. 3.4e−f, 3.5e, 3.5g). Submicron pentlandite inclusions (red dots/rods in Fig. 
3.4e−f and green dots/rods in Fig. 3.5g) are common in the pyrrhotite sections from both 
the PPI and the SRM grains. They range in shape from round to rod-form and in size 
from 90 to 790 nm in PPI pyrrhotite and from 10 to 585 nm in SRM pyrrhotite. They are 
heterogeneously distributed throughout the sections, but the rod-form inclusions show a 
preferred orientation. The pentlandite inclusions are crystallographically oriented with the 
host pyrrhotite in both the PPI grain and the SRM grain. In the PPI grain, the relationship, 
as determined with SAED, is (111ത)mpo//(125)pn, whereas in the SRM grain, the 
relationship is (1ത11)mpo//(311ത)pn, where mpo is monoclinic pyrrhotite. Manganese-bearing 
inclusions (blue dots in Fig. 3.4e−f and red dots in Fig. 3.5g.) are often found in 
association with the pentlandite inclusions, occurring at the ends of rods or adjacent to 
round pentlandite inclusions, though they are far less common than the pentlandite 
inclusions. They are round in shape and range in size from 70 to 180 nm in PPI pyrrhotite 
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Figure 3.4. SEM and TEM scale images of a SRM grain located in a type IA chondrule 
of CR EET 92042. BSE images show (a) the textural context of the grain and (b) the 
grain itself along with the location of the pyrrhotite FIB section extraction. An SEI image 
(c) shows the overall FIB section with a small region in the center thinned to electron 
transparency. A HAADF STEM image (d) shows a higher magnification image of the 
thinned portion with pentlandite visible as small, bright inclusions. Stacked EDS X-ray 
maps of Ni (red), Fe (green), and Mn (blue) show (e) the same field of view as (d) and a 
higher magnification image (f) of a region with Mn-bearing inclusions (emphazised by 
the white arrows). 
and from 40 to 100 nm in SRM pyrrhotite. Chromium-bearing inclusions (blue dots in 
Fig. 3.5g) are also present, though the least common, and only occur in the PPI grain. 
They are round in shape and range in size from 60 to 180 nm. In terms of their 
microstructures, pyrrhotite from the PPI and SRM grains appear quite similar. The sole 
pentlandite section, from the CR PPI grain, also shows heterogeneity in the form of 
pyrrhotite and a silicon-rich phase. Figure 3.5e shows a vein-like pyrrhotite feature (in 
green) and an unidentified silicon-rich phase (in blue) surrounded by the pyrrhotite. The 
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Figure 3.5. SEM and TEM scale images of a PPI grain located in a type IIA chondrule of 
CR QUE 99177. BSE images show (a) the textural context of the grain and (b) the grain 
itself along with the location of the FIB section extractions. SEI images (c) show the 
overall FIB sections with small regions in the center thinned to electron transparency. A 
HAADF STEM image of the pentlandite section (d) shows a higher magnification image 
of the thinned portion. A stacked EDS X-ray map of Ni (red), Fe (green), and Si (blue) 
(e) shows the presence of pyrrhotite (in green) as well as a Si-rich region (in blue), both 
indicated by white arrows. A HAADF STEM image of the pyrrhotite section (f) shows a 
higher magnification image of the thinned portion with pentlandite visible as small, 
bright inclusions. A stacked EDS X-ray map of Mn (red), Ni (green), and Cr (blue) shows 
the presence of pentlandite inclusions as well as Mn-bearing (in red) and Cr,Ni-bearing 
(in teal) inclusions, the latter two emphasized by the white arrows. The white spots in (d) 
and (f) are carbon contamination marks from EDS analyses. 
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pyrrhotite inclusion is crystallographically oriented, as determined by SAED patterns, 
with the host pentlandite and has the same relationship observed in the PPI grain 
pyrrhotite section between the host pyrrhotite and pentlandite inclusions, i.e. 
(111)mpo//(100)pn. Beyond these two phases, the pentlandite appears to be free of other 
phases and is more homogeneous than either PPI or SRM pyrrhotite, consistent with 
SEM observations. 
Compositions 
Synchrotron x-ray fluorescence EDS spot analyses  
The SXRF microprobe data of individual spot analyses are summarized in Table 
3.4. All data are in parts per million (ppm) unless otherwise noted. Iron, S, and Ni 
concentrations were determined by the EPMA and are used for standardization of the 
SXRF spectra. Trace element data for individual spot analyses of FIB sections from each 
grain are summarized in Figure 3.6.  
Copper concentrations (Fig. 3.6a−c) vary amongst the different phases with metal, 
pyrrhotite, and pentlandite ranges overlapping. CR-SRM-Po and CR-PPI-Po, which have 
similar Cu concentrations, appear to have lower Cu contents compared to CM-PPI-Po, 
while the reverse is true for Cu in CM- or CR-PPI-Pn. Selenium, on the other hand, 
shows distinct ranges depending on the phase; Se content increases from metal to 
pyrrhotite to pentlandite. CR-PPI-Po appears to have lower Se contents compared to CM-
PPI-Po, while CR-PPI-Pn appears to have higher Se contents compared to CM-PPI-Pn.  
CR-SRM-Po has higher Se contents than CM-or CR-PPI-Po.  
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Table 3.4. Individual point analyses of SXRF trace element concentrations (in ppm unless noted †) for the six FIB sections studied. 
Note that Fe, S, and Ni are the same for all analyses as they were determined using the EPMA and were used for SXRF 
standardization. 
 
 Sample 
Textural 
Group Grain Phase Spectrum Fe† S† Ni Co Cu Ge Zn Se Total† 
CM2 QUE97990 PPI C12S2 
Po 
Spot1 61.80 36.77 12,500 3,350 845 24.0 34.9 150 100.3 
Spot2 61.80 36.77 12,500 2,890 1,040 23.3 bdl 159 100.2 
Spot3 61.80 36.77 12,400 2,990 691 37.0 14.5 140 100.2 
Spot4 61.80 36.77 12,400 2,730 1,380 29.1 30.5 148 100.2 
Average 61.80 36.77 12,450 2,990 989 28.3 20 149 100.2 
Std Dev 0.00 0.00 57.5 263 297 6.3 15.9 7.8  
Pn 
Spot2 40.42 33.38 247,000 7,460 510 bdl 450 367 99.4 
Spot3 40.42 33.38 247,000 7,180 736 bdl 527 430 99.4 
Spot4 40.42 33.38 247,000 7,590 605 bdl 557 300 99.4 
Average 40.42 33.38 247,000 7,410 617 bdl 511 366 99.4 
Std Dev 0.00 0.00 0.0 210 114 0.0 55.0 65.3  
CR2 QUE99177 PPI C1S2 
Po 
Spot1 62.49 36.91 8,680 1,250 162 bdl 2.0 47.0 100.4 
Spot2 62.49 36.91 7,980 1,290 182 7.5 2.6 74.6 100.4 
Spot3 62.49 36.91 6,700 1,170 244 5.1 2.0 75.9 100.2 
Spot4 62.49 36.91 7,580 1,390 289 6.9 2.7 98.9 100.3 
Average 62.49 36.91 7,735 1,275 219 5.4 2.3 74.1 100.3 
Std Dev 0.00 0.00 826 91.5 58.4 2.3 0.4 21.2  
Pn 
Spot3 39.64 33.76 242,100 8,670 1,660 bdl 641 1,030 98.8 
Spot4 39.64 33.76 242,100 8,420 982 bdl 353 523 98.6 
Average 39.64 33.76 242,100 8,545 1,321 bdl 497 777 98.7 
Std Dev 0.00 0.00 0.0 177 479 0.0 203 358  
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* PPI = pyrrhotite-pentlandite intergrowth, SRM = sulfide-rimmed metal, po= pyrrhotite, pn = pentlandite, m =metal, Std Dev = standard deviation (1σ), bdl = 
below detection limit, nd = not detected 
† = Data are in weight percent element
 
 Sample 
Textural 
Group Grain Phase Spectrum Fe† S† Ni Co Cu Ge Zn Se Total† 
CR2 EET92042 SRM C3S3 
Po 
Spot1 62.74 35.97 7,600 1,690 213 bdl 5.0 222 99.7 
Spot2 62.74 35.97 8,840 1,640 552 bdl 3.4 231 99.8 
Spot3 62.74 35.97 7,540 1,390 319 bdl 3.4 236 99.7 
Spot4 62.74 35.97 6,710 1,330 292 3.1 3.8 239 99.6 
Average 62.74 35.97 7,673 1,513 344 1.5 3.9 232 99.7 
Std Dev 0.00 0.00 878 179 146 1.0 0.7 7.5  
M 
Spot1 92.63 nd 63,200 19,500 890 8.3 bdl 9.1 101.0 
Spot2 92.63 nd 63,700 8,090 791 bdl bdl 7.3 99.9 
Spot3 92.63 nd 64,800 7,230 893 bdl bdl 19.9 99.9 
Spot4 92.63 nd 64,900 5,820 946 bdl 9.9 16.6 99.8 
Average 92.63 nd 64,150 10,160 880 2.8 2.6 13.2 100.2 
Std Dev 0.00 nd 835 6297 64.8 3.6 4.9 6.0  
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Figure 3.6. Element-element plots (Cu, Se, Zn, and Ge in ppm) of individual spot SXRF 
analyses of the FIB sections featured in this study, which include sulfides and Fe,Ni 
metal in CM and CR chondrites. Distinct groupings of analyses from different FIB 
sections are apparent in (a) as are the different ranges in Se concentration for the different 
phases. Selenium content increases from metal to pyrrhotite to pentlandite. (b−d) 
illustrate the different affinities for Ge and Zn in pyrrhotite and pentlandite. 
Comparatively, pyrrhotite has lower Zn and higher Ge concentrations than pentlandite. 
Symbols: CM = closed, CR = open, SRM = triangles, CM PPI = circles, CR PPI = 
squares, Fe,Ni metal = black, pyrrhotite = blue, pentlandite = red.  
Germanium and Zn concentrations (Fig. 3.6b−d) differ markedly depending on 
the phase. Comparatively, pyrrhotite has lower Zn and higher Ge concentrations than 
pentlandite. Metal has low concentrations of both elements. CM-PPI-Po has higher Ge 
contents than CR-PPI-Po or CR-SRM-Po, but the PPI-Po Zn contents overlap between 
the two meteorite groups. The distinct behavior of these two elements between pyrrhotite 
and pentlandite provides a method of identifying which SXRF spot analyses may have 
overlapped with submicron inclusions; that is, if a pyrrhotite analysis contains a higher 
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concentration of Zn and a lower concentration of Ge, it likely contains pentlandite 
inclusions, whereas if a pentlandite analysis contains a lower concentration of Zn and a 
higher concentration of Ge, it likely contains pyrrhotite inclusions. As Figures 3.4e−f and 
5e and 5g show, inclusions of one phase within the other do occur. Several such spot 
analyses show either higher Zn and lower Ge for pyrrhotite sections or lower Zn and 
higher Ge for pentlandite sections compared to other spot analyses of the same grain. 
These analyses were not included in any of the tables, plots, or further discussion. 
These plots show a few noteworthy differences between the same phases of 
different textural groups and meteorite groups. CR-SRM-Po and CR-PPI-Po have similar 
concentrations of Cu, Zn, and Ge but form two distinct groups in Se content (Fig. 3.6a), 
with the CR-SRM-Po having a higher Se concentration. More striking are the differences 
between CM and CR PPI sulfides. In Figures 3.6a−b, CR-PPI-Po and CR-PPI-Pn fall 
along a linear trend with a positive correlation, but the same is not true of CM-PPI-Po 
and CM-PPI-Pn, which each appear to fall along their own trends. This difference 
between the two PPI grains suggests a distinctive process has occurred in one of these 
groups which resulted in different behavior of these trace elements in pyrrhotite and 
pentlandite. 
To better compare concentrations of multiple elements between phases, textural 
groups, and meteorite groups, we plot the averaged data for each grain, normalized to CI 
chondrite abundances (using the compilation of Palme et al., 2014), as a function of 
increasing volatility and present these in Figures 3.7−3.9. Figure 3.7 illustrates the overall 
trends in the behavior of the elements, Figure 3.8 compares the concentrations by 
meteorite group (CM v. CR po and pn) and textural group (PPI v. SRM po), and Figure 
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3.9 compares the concentrations between coexisting phases (PPI po v. pn, SRM po v. 
metal).  
Figure 3.7 reveals the major characteristics of the concentration patterns for the 
three different grains measured. Both the least volatile (Ni, Co, Cu) and the most volatile 
(Se) elements detected are more abundant and greater than CI chondrite in most cases  
 
Figure 3.7. Concentrations of Ni, minor, and trace elements, normalized to CI chondrite 
(Palme et al., 2014), from SXRF analyses of FIB sections featured in this study, which 
include sulfides and Fe,Ni metal in CM and CR chondrites. Each line represents an 
average of multiple spot analyses with error bars equal to 1σ. The line form corresponds 
to the meteorite group (CM = dashed, CR = solid), the symbol to the textural group (CM 
PPI = gray circle, CR PPI = white square, and SRM = white triangle), and the line color 
to the phase (Fe,Ni metal = black, pyrrhotite = blue, pentlandite = red). Elements with 
analyses below detection limit of the SXRF microprobe, plot at 0.001. The 50% 
condensation temperatures of the elements are included, as well as the condensation 
temperatures of Fe alloy and troilite (in K; from Lodders, 2003 Table 8). Note the 
enrichments in Ni, Co, Cu, and Se and depletions in Ge and Zn relative to CI chondrite.  
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(exceptions include Ni in the CR-PPI-Po and CR-SRM-Po grains and Se in CR-SRM-M 
grain). The elements of intermediate volatility (Ge and Zn) are depleted relative to CI 
chondrite values in most cases (exceptions include Zn in CM- and CR-PPI-Pn).  
Comparing trace element concentrations of the same phase in different meteorite 
and/or textural groups has the potential to shed light on formation mechanisms and 
whether they are similar or different between these groups. The three pyrrhotite grains 
(Fig. 3.8a), irrespective of their textural occurrence (PPI or SRM) or chondrite group 
(CM and CR) have remarkably similar concentration patterns. The only differences are 
that the CM-PPI-Po has higher concentrations of all elements, and Ge is more depleted in 
the CR-SRM-Po. Pentlandite in PPI grains from both the CM and CR samples (Fig. 3.8b) 
also has very similar concentrations of the elements with even less variations. All 
elements except Co, Cu, and Se essentially overlap.  
A comparison of coexisting pyrrhotite and pentlandite trace element 
concentrations within a single grain or assemblage has the potential to shed light on 
partitioning behavior and potential genetic relationships. PPI grain pyrrhotite and 
pentlandite have distinctly different concentration patterns; pyrrhotite has higher 
concentrations of Ge, and pentlandite has higher concentrations of Co, Zn, and Se. These 
relationships are true of both the CM PPI grain (Fig. 3.9a) and the CR PPI grain (Fig. 
3.9b). Copper, however, has different concentrations in the two phases between the 
meteorite groups. In the CM PPI grain, pyrrhotite has a higher concentration of Cu, 
whereas in the CR PPI grains, pentlandite has a higher concentration. The linear trends 
defined by the CR, but not the CM, PPI pyrrhotite and pentlandite analyses in Figure 
3.6a−b are related to this difference in partitioning. Relative to CI chondrite, Cu and Se 
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are enriched in both phases, Ge is depleted in both phases, and Zn is enriched in 
pentlandite and depleted in pyrrhotite. Pyrrhotite and Fe,Ni metal in the SRM grain (Fig. 
3.8c) have very similar concentration patterns where the metal has higher concentrations 
of all elements except Zn and Se. 
To summarize our observations from the CI normalized plots (Figs. 3.7−3.9), 
significant observations include: 
1) There are enrichments relative to CI chondrite in Co, Cu, and Se (Fig. 3.7);  
2) There are generally depletions relative to CI chondrite in Ge and Zn (Fig. 3.7); 
3) CM and CR PPI sulfides (both po and pn) have remarkably similar patterns 
(Fig. 3.8), in terms of both their shape and concentration of the elements; 
4) Cobalt, Zn, and Se are consistently more abundant in PPI pentlandite, while 
Ge is more abundant in PPI pyrrhotite (Fig. 3.9a−b). 
5) SRM pyrrhotite and metal have remarkably similar patterns, (Fig. 3.9c), in 
terms of both their shape and concentration of the elements. 
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Figure 3.8. CI normalized concentration plot as described in Figure 3.7. (a) compares po 
data from the CM and CR samples (PPI and SRM po); (b) compares CM and CR PPI pn. 
Note the similarities in the concentrations between CM and CR PPI phases. The line form 
corresponds to the meteorite group (CM = dashed, CR = solid), the symbol to the textural 
group (CM PPI = gray circle, CR PPI = white square, and SRM = white triangle), and the 
line color to the phase (Fe,Ni metal = black, pyrrhotite = blue, pentlandite = red). 
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Figure 3.9. CI normalized concentration plot as described in Figure 3.7 (a) compares 
SXRF data for coexisting po and pn in the PPI grain measured in the CM chondrite; (b) 
compares coexisting po and pn in the CR PPI grain. (c) compares po and metal in the CR 
chondrite SRM grain. All elements, except Cu, behave similarly in (a) and (b) in terms of 
preference for po or pn. Note the similarity in the concentration patterns of the SRM po 
and metal. The line form corresponds to the meteorite group (CM = dashed, CR = solid), 
the symbol to the textural group (CM PPI = gray circle, CR PPI = white square, and SRM 
= white triangle), and the line color to the phase (Fe,Ni metal = black, pyrrhotite = blue, 
pentlandite = red).  
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Discussion 
In this study, we utilized a coordinated analytical approach, the first of its kind, 
which enabled us to obtain phase-specific trace element concentrations for sulfides and 
metal coupled with chemical and microstructural data. We have measured the trace 
element concentrations of six FIB sections in three different iron sulfide grains/sulfide-
metal assemblages. These act as representative samples of two the populations of primary 
sulfides in CM and CR chondrites discussed in Chapter 2, the PPI grains and the SRM 
grains. The PPI grains have been proposed to have formed by crystallization of mss 
during chondrule formation followed by solid state unmixing (Chapter 2 and references 
therein). Therefore, the PPI grain compositions that we have measured are the result of 
solid state elemental partitioning between two different sulfide phases (pyrrhotite and 
pentlandite) during cooling and do not represent their primary compositions. However, 
the bulk composition of the mss from which they exsolved was established in the solar 
nebula. The SRM grains have been proposed to have formed by sulfidization of Fe,Ni 
metal by H2S gas in the solar nebula (Chapter 2).  
In the following discussion, we divide the PPI and SRM grains into separate 
sections. Within each, we first discuss the previously proposed formation mechanisms for 
the primary sulfides. This is followed by a summary of the general characteristics of the 
concentration patterns and the behavior of each of the analyzed elements. Then we 
examine which processes (i.e., condensation, evaporation, melting and crystallization, 
solid state partitioning, and/or sulfidization) likely contributed to these patterns and 
evaluate the previously proposed formation mechanisms for the primary sulfides in the 
context of the processes indicated by trace element concentrations. We conclude our  
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discussion by comparing findings from the trace element concentrations for the two 
textural groups. 
PPI Grain Trace Element Patterns and Abundances 
The PPI grains, in both the CM and CR chondrites, are postulated to have formed 
in the solar nebula. The following is a brief summary of the processes involved in their 
formation, what we refer to as the crystallization model (see Chapter 2 for more detail): 
1) Aggregation of dust consisting of precursor silicate-, metal-, and sulfide- 
bearing dust surrounded by gases in the solar nebula,  
2) Formation of chondrules by flash heating,  
3) Formation of immiscible silicate and sulfide melts within the type IIA 
chondrules,  
4) Crystallization of mss (commencing at ~1100°C; Kullerud, 1963), as well as 
crystallization of silicate phases,  
5) Solid-state unmixing of mss into pyrrhotite and pentlandite at ~800°C 
(Kitakaze et al., 2011), 
6) Depending on the cooling rate of the system, PPI grains experience different 
degrees of phase separation. Slower cooling rates allow for greater phase 
separation and result in greater degrees of solid-state partitioning between 
pyrrhotite and pentlandite. 
As is apparent above, the PPI grains do not represent a primary composition 
indicative of the solar nebula; however, the composition of the mss from which they 
exsolved does, because the mss formed as described in Chapter 2, by crystallization of an 
immiscible melt within chondrules. If the proportions of the two phases (i.e., pyrrhotite 
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and pentlandite) are known, we can use modal recombination analysis (e.g., Berlin et al., 
2009; Chapter 2) to determine the bulk trace element concentrations of the PPI grains, 
that is, the trace element concentrations of the mss. Figure 3.10 illustrates the bulk 
composition of the PPI grains, equivalent to the mss, along with the range as defined by 
the pyrrhotite and pentlandite trace element concentrations. The CM PPI grain contained 
75% pyrrhotite and 25% pentlandite, whereas the CR PPI grain contained 72% pyrrhotite 
and 28% pentlandite, essentially indistinguishable within the error of the measurement. 
The ranges shown in Figure 3.10 include the two endmembers, pyrrhotite and 
pentlandite, for this calculation. 
The enrichments in Co, Cu, and Se in the mss are consistent with the chalcophile 
nature of these elements. Cobalt and Cu can substitute for Fe, while Se can substitute for 
S in sulfide minerals due to their similar ionic radii and valences (Cook et al., 2009). The 
patterns for Ge and Zn are more complicated, however. The concentration of Ge in the 
mss is slightly depleted relative to CI chondrite; it is depleted both in pyrrhotite and 
pentlandite, though it is only slightly depleted in the former and strongly depleted (i.e., 
below detection limit) in the latter. The concentration of Zn is comparable to Ge for the 
mss; that is, it is slightly depleted relative to CI. However contrary to Ge, Zn shows 
different behaviors between pyrrhotite and pentlandite. It is depleted in pyrrhotite and 
enriched in pentlandite. Overall, the pyrrhotite, pentlandite, and mss patterns of the CM 
and CR PPI grains are remarkably similar (e.g., Figs. 3.8 and 3.10) implying that the 
grains from two different meteorite groups share similar formation mechanisms. We next 
determine if the proposed processes responsible for the formation of the PPI grains can 
explain the observed complexities in the trace element concentrations. 
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Figure 3.10. CI normalized concentration plot as described in Figure 3.7 showing a 
modal recombination of SXRF data for the bulk compositions of the (a) CM PPI grain 
and (b) CR PPI grain. Both plots also include the range of concentrations defined by 
pyrrhotite and pentlandite from each grain as purple envelopes. Bulk refers to the bulk 
composition of the PPI, which we assume is equivalent to the composition of the mss. 
Significant processes which likely operated on and were responsible for the 
formation of the PPI grains include: volatilization during chondrule formation, formation 
of immiscible silicate and mss melts (liquid-liquid partitioning), crystallization of silicate 
solids and mss (liquid-solid partitioning), and unmixing into pyrrhotite and pentlandite 
(solid-solid partitioning). Cosmochemical behavior of the elements is significant for 
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volatilization during chondrule formation; however, geochemical behavior is significant 
for the other processes (i.e., immiscible melt formation, crystallization, solid-state 
unmixing). Table 3.5 summarizes these different behaviors and the parameters 
responsible for them. 
We will now discuss how these different processes could have affected the 
concentrations of the elements in the different stages of formation of the PPI grains. 
Chondrule formation could have potentially removed some proportion of the more 
volatile elements (Ge, Zn, Se) from chondrules. However, similar to the case with Na and 
S, short heating times, high initial cooling rates, high dust/gas ratios, and high oxygen 
fugacity likely preserved some of the volatile elements in type II chondrules (Yu et al., 
1996). Whatever the cause, the presence of S and Na in chondrules indicates volatile 
retention which would extend to other elements such as Ge, Zn, and Se for the PPI grains.  
Table 3.5. Cosmochemical and geochemical behaviors of the elements detected in our 
SXRF analyses as defined by the sources provided. 
 Cosmochemical   Geochemical 
 50% TC (K) Behavior(s)   Dominant Behavior 
Fe* 1357 Siderophile, lithophile, chalcophile   Siderophile 
Ni 1353 Siderophile   Siderophile 
Co 1352 Siderophile   Siderophile 
Cu 1037 Siderophile   Siderophile 
Ge 883 Siderophile   Siderophile 
Zn 726 Lithophile, chalcophile   Chalcophile 
S* 704 Chalcophile   Chalcophile 
Se 697 Chalcophile   Chalcophile 
50% TC = 50% condensation temperature at 1×10-4 bar 
TC for Fe and S are for Fe alloy and troilite, respectively 
Sources: Cosmochemical data and behavior from Lodders (2003); geochemical behavior from McSween 
and Huss (2010) 
Immiscible melt formation would have partitioned elements into either silicate or 
mss fractions in the type II chondrules. MacLean and Shimazaki (1976) performed 
partitioning experiments on iron sulfide and iron silicate melts (1 bar, 1150°C, and low 
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fO2 and fS2; quantitative parameters for the fugacities were not provided) and found that 
Ni, Co, and Cu partitioned into the sulfide melt, whereas Zn partitioned into the silicate 
melt. Experimental work on olivine, silicate, and sulfide melts by Gaetani and Grove 
(1997) mimicked chondrule formation conditions (1 atm, 1350°C, log fO2 from -7.9 to -
10.6, log fS2 from -1.0 to -2.5) and found that Ni, Co, and Cu always partitioned into the 
sulfide melt and did so more strongly under conditions of low fO2 and high fS2. They also 
found that the partitioning behavior of Cr and Mn depended on the fO2 and fS2 of the 
system, with low fO2 and high fS2 conditions promoting partitioning into the sulfide melt. 
Unfortunately, experimental work involving the partitioning behavior of Ge between 
silicate and sulfide melts is not available, so the expected geochemical behavior for Ge 
(siderophile) in Table 3.5 is the only guideline at our disposal. For the PPI grains, we 
would expect mss to have enrichments in Ni, Co, and Cu and depletions in Zn. 
Germanium concentrations are less certain given the lack of experimental data for it. In 
some cases (low fO2 and high fS2), we might also expect to have Cr and Mn present in 
mss though, with cooling, these are likely to have crystallized as discrete phases 
consistent with our observations of Cr- and Mn-bearing inclusions in our TEM studies. 
Crystallization of mss would have partitioned elements between solid mss and 
residual sulfide melt in the type II chondrules. Experimental work has observed that Se 
partitions as an anion (Se2-) and substitutes for S2- in mss (Helmy et al., 2010), while the 
partitioning behavior of Ni and Cu depend strongly on the bulk S content of the system 
and the mss (Li et al., 1996); greater S contents correspond to stronger partitioning of Ni 
and Cu into mss. The variability in the behavior of Cu, both between the CM and CR PPI 
mss and between CM and CR PPI pyrrhotite and pentlandite (i.e., CM-PPI-Po has greater 
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Cu, whereas CR-PPI-Pn has greater Cu) may reflect the original partitioning between mss 
and melt. However, this explanation does not consider the additional complication of the 
effects of subsolidus equilibration. 
Solid-state unmixing of mss would have partitioned elements into pyrrhotite and 
pentlandite. Goldschmidt’s rules of substitution are valuable tools in determining the 
expected partitioning behavior between pyrrhotite and pentlandite, especially given the 
lack of experimental studies for the trace elements of interest. Table 3.6 presents the 
variables useful in determining the most likely substitutions within pyrrhotite and 
pentlandite. Percent differences greater than 15 preclude substitution according to 
Goldschmidt’s rules.  
From the percent differences in Table 3.6, in addition to our knowledge of the 
basic structure of pyrrhotite and pentlandite, we can estimate the general behavior of the 
elements in partitioning between the phases and compare it to the actual partitioning 
observed in the PPI grains. The structures of pyrrhotite and pentlandite are key in this 
discussion. Pyrrhotite (Fe1-xS) essentially has a single M site which is normally occupied 
by Fe2+. However, as the table clearly shows, other divalent ions can substitute in for 
Fe2+. Additionally, Fe3+ can substitute as well if it is coupled with a vacancy; that is, one 
Fe2+ is substituted by Fe3+ and another by a vacancy. This allows for the possibility of 
coupled vacancy substitution in pyrrhotite, which more readily accommodates ions with a 
valence greater than 2+. Pentlandite ((Fe,Ni)9S8) has two M sites, one occupied by Fe2+ 
and the other by Ni2+. As the table shows, these sites have different coordinations and, 
consequently, accommodate different elements during substitution. We have excluded 
Ge2+ (which has octahedral coordination) from the table because Ge usually occurs in  
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Table 3.6. Data for determining the most likely substitutions of trace elements in 
pyrrhotite, pentlandite, and kamacite. The percent difference shows the likelihood that 
other ions/atoms would substitute for those normally present in each structural site. 
Percent differences greater than 15 (emphasized with italics) limit substitution.  
Phase Site Ion/Element CN Ionic/Atomic Radius (Å) %Diff 
Pyrrhotite M1 Fe2+ 6 0.78  
  Ni2+ 6 0.69 12 
  Co2+ 6 0.75 5 
  Cu2+ 6 0.73 7 
  Zn2+ 6 0.74 5 
 Vacancies Fe3+ 6 0.65  
  Ni3+ 6 0.56 14 
  Co3+ 6 0.55 17 
  Cu3+ 6 0.54 18 
    Ge4+  4  0.53  20 
 S S2- N/A 1.84  
  Se2- N/A 1.98 7 
Pentlandite M1 Fe2+ 6 0.78  
  Ni2+ 6 0.69 12 
  Co2+ 6 0.75 5 
  Cu2+ 6 0.73 7 
  Zn2+ 6 0.74 5 
 M2 Ni2+ 4 0.55  
  Fe2+ 4 0.63 14 
  Co2+ 4 0.58 5 
  Cu2+ 4 0.57 4 
  Zn2+ 4 0.60 9 
 S S2- N/A 1.84  
  Se2- N/A 1.98 7 
Kamacite N/A 
Fe0 N/A 1.56  
Ni0 N/A 1.49 5 
Co0 N/A 1.52 3 
Cu0 N/A 1.45 7 
Ge0 N/A 1.25 22 
CN = coordination number, %Diff = percent difference between ion in crystal structure and substituting 
ion, vacancies = M1 sites with vacancy substitution. 
tetrahedral coordination in sulfides owing to the highly covalent nature of the Ge-S bond 
(Bernstein, 1985). This implies that Ge4+ is the preferred valence state in sulfides, 
substituting for divalent cations such as Fe2+ or Zn2+ and requiring vacancy formation to 
maintain charge balance (see later discussion). This appears to be the preferred 
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substitution reaction, at least for Ge in sphalerite (e.g., Bernstein, 1985; Cook et al., 2015; 
Sahlstrom et al., 2017). 
Table 3.7 and Figure 3.11 summarize our Nernst partition coefficient (α/βDi) data 
for the PPI grains. As there is no convention for calculation of α/βDi in solid phase-solid 
phase systems for sulfides, we have calculated the values as pentlandite/pyrrhotite (α/β) 
for the PPI grains. For Di >1, the element preferentially partitions into pentlandite, and 
for Di <1, the element preferentially partitions into pyrrhotite.  
With the structural substitution considerations in mind, we can explain some 
aspects of the pyrrhotite and pentlandite partitioning behaviors in the PPI grains. 
Pentlandite has greater concentrations of Co compared to pyrrhotite. As Co2+ has similar 
ionic radii to both Fe2+ and Ni2+ in the M1 and M2 sites in both minerals (percent 
differences of 5% for all), ionic charge radii are not the only factors. Instead, 
electronegativity of the elements may play a role. Comparing electronegativites of Co 
and Ni (1.88 and 1.91) versus Co and Fe (1.88 and 1.83, respectively), we find that the 
percent difference is lower between Co and Ni (1.58%) than between Co and Fe (2.70%). 
Since Co may preferentially substitute more strongly for Ni than Fe, we would expect it 
to be in higher abundance in pentlandite given that half of its M sites are composed of Ni. 
Copper shows more complicated behavior; it has a higher concentration in pentlandite for 
the CR PPI grain, whereas it has a higher concentration in pyrrhotite for the CM PPI 
grain. Solid-state unmixing likely does not have the greatest influence on the behavior of 
Cu and some other process or environmental factor (e.g., fO2) is more influential. 
However, it is important to note that our CR-PPI-Pn data is based on just two analyses; 
more data is required to fully understand the difference in the behavior of Cu. 
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Table 3.7. Nernst partition coefficients, and data used for the calculations, for CM and 
CR PPI pentlandite/pyrrhotite. All elemental concentrations are in ppm unless noted †. 
 Textural 
Group Sample Grain Phase Co† Cu Ge Zn Se 
CM2 
PPI QUE 97990 C12S2 
Pn 0.74 617 1.0 511 366 
Po 0.30 989 28.3 20.0 149 
pn/poDi CM Pn/po 2.48 0.62 0.04 25.6 2.45 
CR2 
PPI QUE 99177 C1S2 
Pn 0.85 1321 1.0 497 777 
Po 0.13 219 5.4 2.3 74.1 
pn/poDi CR Pn/po 6.70 6.00 0.20 214 10.5 
* PPI = pyrrhotite-pentlandite intergrowth, Di = partition coefficient, po = pyrrhotite, pn = pentlandite 
† = Data are in weight percent element 
 
 
Figure 3.11. Bar graph illustrating partition coefficients for pentlandite v. pyrrhotite in 
CM PPI grains and pyrrhotite v. pentlandite in CR PPI grains. All elements except for Ge 
and partially Cu are preferentially incorporated into pentlandite over pyrrhotite. The 
deviation of Di from unity is greater for the CR PPI grain compared to the CM PPI grain 
for all elements except Ge. This implies that the CR PPI grain has experienced more 
extensive phase separation likely from a slower cooling rate and hence to a lower closure 
temperature. 
Germanium and Zn, more than any other trace elements, show the strongest 
partitioning between pyrrhotite and pentlandite and have opposite behaviors with Ge 
preferring pyrrhotite and Zn pentlandite. Germanium’s preference for pyrrhotite can be 
explained by its proposed coupled vacancy substitution. In sphalerite, the most 
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extensively-studied Ge-bearing sulfide, Ge has been proposed to substitute for Zn2+ by 
the following mechanism: 2Zn2+ → Ge4+ +   (Bernstein, 1985; Cook et al., 2015; 
Sahlstrom et al., 2017). This substitution is similar to the Fe3+ substitution for Fe2+ in 
pyrrhotite (2Fe2+ → Fe3+ +   ) that is responsible for the various superstructures of 
pyrrhotite. In pentlandite, however, there is little evidence that coupled vacancy 
substitution occurs. This could explain why Ge is below the detection limit in the CM and 
CR PPI grain pentlandite, but present in the pyrrhotite. 
Zinc’s preference for pentlandite can be explained by its ability to substitute for 
both M sites in pentlandite and its inability for vacancy substitution in pyrrhotite. Still, 
this does not quite explain why the partitioning is so distinct for Zn. Zinc is able to 
substitute for Fe2+ in all M sites in pyrrhotite, so the fact that it is able to do the same in 
pentlandite does not account for the large difference in partitioning. The difference in 
proportions of metals (i.e., cations in the M sites) to sulfur between pyrrhotite and 
pentlandite may also play a role. In pyrrhotite, only the M sites containing Fe2+ are 
available for substitution, whereas those containing Fe3+ are not. However, in pentlandite, 
all the M sites essentially contain Fe2+ or Ni2+ making them available for substitution. In 
summary, our observations of trace element concentrations in PPI grain pyrrhotite and 
pentlandite are consistent with solid-state unmixing.  
Lastly, comparing CM and CR PPI partitioning behavior shows for all elements, 
except Ge, stronger partitioning in the CR PPI grain. In other words, quantitatively, the 
difference between Di and 1 is greatest or, qualitatively, the magnitude of the height of 
the bar in Figure 3.11 is largest for the CR PPI grain. Partitioning can occur under two 
scenarios: 1) equilibrium partitioning, where time is not important and phase separation is 
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solely a function of temperature, and 2) kinetically-controlled partitioning, where time, 
and hence the amount of diffusion, controls the degree of phase separation and the 
resulting partition coefficient. In the former case, any differences in partitioning 
coefficients between PPI grains would be a function of the equilibration temperature, 
whereas in the latter case, differences would be a function of the cooling rate and, 
consequently, be dependent on time. Diffusion rates of metals in sulfides are rapid and so 
it is possible that for slower chondrule cooling rates, equilibrium partitioning may have 
been maintained for the higher temperature part of the cooling path. However, at lower 
temperatures, it seems most likely that partitioning would depart from equilibrium, and 
for fast cooling rates, this would be the norm. Therefore, kinetically-controlled 
partitioning is probably most likely. In this case, the extent of the partitioning is a 
function of the degree to which the pyrrhotite and pentlandite unmix from mss, which 
itself is dependent on the cooling rate. For grains which cooled slowly down to low 
temperatures, the partitioning between pyrrhotite and pentlandite is greater because there 
was more time for phase separation and diffusion to take place. If this is the case, we 
would expect that for PPI grains which experienced greater phase separation, there 
should be both larger partition coefficients and also smaller concentrations of Ni in the 
pyrrhotite. This is indeed what is observed in the CR PPI grain, which contains 0.77 wt. 
% Ni in pyrrhotite (compared to 1.25 wt. % Ni in the pyrrhotite of the CM PPI grain). 
However, when discussing element concentrations in pyrrhotite, we must also 
consider the presence of submicron pentlandite inclusions in the pyrrhotite as we 
observed in Figure 3.4. This implies that both a major, high temperature, episode of phase 
separation occurred which produced the large pentlandite exsolution textures and, 
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subsequently, a lower temperature stage of exsolution occurred which produced the 
submicron pentlandite. It is important to point out that the analytical volume of the SXRF 
analyses of the PPI grain pyrrhotite would have included the fine-scale pentlandite. This 
means our measured trace element compositions represent the high temperature episode 
of phase separation. With this in mind, the Ni contents of the pyrrhotite, and contents of 
all other elements that partition into pentlandite, are even lower than our SXRF analyses 
show; therefore, the partitioning values we calculate represent lower limits. 
SRM Grain Trace Element Patterns and Abundances 
The SRM grains are postulated to have formed in the solar nebula as well. 
However, since the SRM grains in CR chondrites only occur in chondrules, dominantly 
type IA, the formation of the precursor metal must involve a formational mechanism 
other than simple nebular condensation. The following is a brief summary of the 
processes involved in the formation of these sulfide-metal assemblages, what we refer to 
as the sulfidization model: 
1) Aggregation of dust consisting of silicate, metal, and (perhaps) sulfide 
precursors surrounded by gases in the solar nebula,  
2) Formation of chondrules by flash heating,  
3) Formation of immiscible silicate and metalsulfide melts within the type IA 
chondrules,  
4) Migration of immiscible metalsulfide melts from the chondrule interiors to 
the rims from spinning and acceleration of the chondrule (Grossman and 
Wasson, 1985; Connolly et al., 1994; Tsuchiyama et al., 2000); the high 
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volatility of sulfur could have caused it to escape from the chondrules, if it 
was initially present, into the surrounding gas and form H2S, 
5) Crystallization of Fe,Ni metal on chondrule rims, as well as crystallization of 
silicate phases in the chondrule interiors,  
6) Sulfidization of Fe,Ni metal from reaction with surrounding H2S gas to form 
mss; depending on the temperature and duration of the reaction, elements, 
such as Ni, could diffuse back into the metal resulting in different element 
ratios between the sulfide and metal, 
7) Depending on the cooling rate of the system, mss could subsequently exsolve 
pentlandite and transform into pyrrhotite. 
As is apparent above, the SRM grains do not represent primary condensate compositions 
in the canonical sense (i.e., condensates with little subsequent processing); however, they 
do represent compositions of the solar nebula as modified by at least some of the 
aforementioned processes.  
The overall patterns of the SRM pyrrhotite and metal are strikingly similar with 
the actual abundances of individual elements, relative to CI chondrite, varying between 
the two phases. This implies a genetic link between the two such as sulfidization. Both 
pyrrhotite and metal show enrichments in Co and Cu, consistent with the chalcophile-
siderophile nature of these elements. Selenium, on the other hand, is enriched in the 
pyrrhotite and depleted in the metal. If the pyrrhotite formed from the metal via 
sulfidization, the Se must have been inherited from either the metal, which is depleted in 
Se, or from the gas. The enrichment of Se in pyrrhotite implies that the gas was the 
source.  
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As for Ge and Zn, both elements are depleted in the pyrrhotite and metal. The 
depletion of Zn in the SRM pyrrhotite is entirely consistent with the idea that metal is the 
precursor phase, because it has exactly the same Zn depletion as the pyrrhotite. The 
depletion of Zn in metal is to be expected, because it is chalcophile in nature and type I 
chondrules in CR chondrites are even depleted in moderately volatile elements that 
condense at higher temperatures (e.g. Au, As, Cu, Sb, Ga; Kallemeyn et al., 1994; 
Connolly et al., 2001; Krot et al., 2002). Germanium displays complex behavior; it is 
more depleted in SRM pyrrhotite than is observed in PPI pyrrhotite and is depleted in 
SRM metal even though it has a siderophile nature. We next determine if the proposed 
processes responsible for the formation of these assemblages can explain the observed 
complexities in the trace element concentrations. 
Significant processes which likely operated on and were responsible for the 
formation of the SRM grains include: volatilization during chondrule formation, 
formation of immiscible silicate and metal±sulfide melts (liquid-liquid partitioning), 
mobilization of the metal±sulfide melts to chondrule rims, crystallization of silicate solids 
and metal (liquid-solid partitioning), sulfidization of metal, and small amounts of 
unmixing into pyrrhotite and pentlandite (solid-solid partitioning). Chondrule formation 
could have potentially removed some proportion of the more volatile elements (Ge, Zn, 
Se) from chondrules. As mentioned previously, the lack of sulfides, as well as lithophile 
volatile elements, in type I chondrules implies either that these chondrules did not retain 
their more volatile elements or never contained any to begin with. As the SRM grains are 
observed in type I chondrules, the volatile element concentrations would likely be lower 
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in these sulfide-metal assemblages than is the case with the PPI grains in type IIA 
chondrules.  
Immiscible melt formation would have partitioned elements into either silicate or 
metal±sulfide fractions in the type I chondrules. The partitioning behavior of the 
elements between the two melt fractions would be mostly similar to what was discussed 
previously for the PPI grains; Ni, Co, Cu, and Ge partition into the metal melt, whereas 
Zn partitions into the silicate melt (MacLean and Shimazaki, 1976; Schmitt et al., 1989; 
Gaetani and Grove, 1997). Additionally, this partitioning of Ni, Co, Cu, and Ge becomes 
more pronounced with more reducing conditions (Schmitt et al., 1989). The expected 
behaviors of these elements are consistent with our observations of the SRM grains with 
the exception of Ge; we find that Ge is depleted in the SRM metal. Clearly another 
process must be responsible for this loss of Ge. 
The key difference between type I and II chondrules is the absence or presence of 
sulfur which, in turn, results in different immiscible melts (i.e., silicate and metal for type 
I chondrules versus silicate and mss for type II chondrules). Zinc partitions both into the 
silicate melt and into the sulfide melt (MacLean and Shimazaki, 1976; Shimazaki and 
MacLean, 1976); therefore, in the type II chondrules it likely partitioned into both melts 
(silicate and mss), whereas in the type I chondrules it likely partitioned only into the 
silicate melt since it has no siderophile affinities. This implies that while Zn would be 
detectable in the products of the mss melt (i.e., the PPI grains), it would not be present in 
large concentrations in the products of the metal melt (i.e., the SRM grains) instead 
having gone into the silicate portions of the type I chondrules. This low concentration of 
Zn is observed in the SRM grains, both the metal and sulfide portions. 
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 The migration of the metalsulfide melts from the chondrule interiors to the rims 
could have caused the chondrule to lose any remaining elements of high volatility (e.g., 
S, Se). These elements would have entered the gas surrounding the chondrules and could 
have reacted back with the chondrules. Germanium, though of lower volatility than S or 
Se, could also have been affected due to its relatively high diffusion coefficient compared 
to other siderophile elements, such as Ni, Co, Cu, and Ga (Righter et al., 2005). In terms 
of the SRM grains, this would have further depleted the metal melt in the highly volatile 
elements. Crystallization of Fe,Ni metal on chondrule rims would have partitioned 
elements into those that are compatible in metal and those that are not. Any elements not 
compatible in Fe,Ni metal would have been excluded from the metal and formed either 
discrete phases or small inclusions. Germanium could have additionally been affected by 
the crystallization of metal; its partitioning between solid metal and liquid metal-sulfide 
is dependent on the S content of the system, with larger partition coefficients 
corresponding to higher S content in liquid metal-sulfide (Liu and Fleet, 2001). In the 
case of the SRM grain metal, the Ge depletion could imply that the liquid metal-sulfide 
was S poor, consistent with observations of type I chondrules. 
 Sulfidization of the Fe,Ni metal would have partitioned elements with chalcophile 
affinities from the metal into the mss that formed. This would result in a lower 
concentration of those elements in the Fe,Ni metal compared to similar unsulfidized 
metal. Additionally, the mss that formed from the sulfidization could have incorporated 
other volatile elements similar to S, such as Se, into its structure. This is consistent with 
Lodder’s (2003) prediction that Se would condense into troilite. We observe enrichments 
of Se in the pyrrhotite of the SRM grains consistent with this mechanism. It is important 
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to point out that sulfidization involves starting with a metal grain of a fixed composition 
that then undergoes a reaction which introduces new elements into the system and 
requires partitioning of the elements between the new phase that is forming and the 
precursor phase. This is a distinct process from the PPI grains which started off with a 
fixed bulk composition that then experienced phase separation resulting in partitioning 
between the phases.  
The Nernst partition coefficient (α/βDi) data for the SRM grains, summarized in Table 3.8 
and Figure 3.12, quantify the partitioning behavior between the metal and the sulfide. As 
there is no convention for calculation of α/βDi in solid phase-solid phase systems for 
sulfide-metal assemblages, we have calculated the values as metal/pyrrhotite (α/β) for the 
SRM grains. For Di >1, the element preferentially partitions into metal, and for Di <1, the 
element preferentially partitions into pyrrhotite. The most pertinent observation involves 
what appears to be a linear correlation between element volatility and partitioning. That 
is, as element volatility increases (moving to the right of Fig. 3.12), the partition 
coefficient decreases illustrating increasing likelihood for incorporation of the element 
into pyrrhotite. This relationship between volatility and concentration is expected in 
sulfidization models; as metal grains cooled, they would increasingly cease to equilibrate 
with the nebular gas (Grossman and Wasson, 1985). Indeed, Fe,Ni metal in the CR 
chondrites is observed to be depleted in other moderately volatile siderophile elements 
(e.g., Au, As, Cu, Sb, Ga) with the depletions correlating with volatility  (Kallemeyn et 
al., 1994; Connolly et al., 2001; Krot et al., 2002). The high temperatures present during 
chondrule formation promoted volatilization. Only at lower temperatures where 
sulfidization is predicted to have occurred would these elements be able to be 
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incorporated into the chondrule. Furthermore, the fact that both Se and Zn are not 
siderophile and are partially (Zn) to highly (Se) chalcophile implies that both elements 
are preferentially incorporated into pyrrhotite. 
Table 3.8. Nernst partition coefficients, and data used for the calculations, for SRM 
metal/pyrrhotite. All elemental concentrations are in ppm unless noted †. 
 Textural 
Group Sample Grain Phase Co† Cu Ge Zn Se 
CR2 
SRM EET 92042 C3S3 
M 1.02 880 2.8 2.6 13.2 
Po 0.15 344 1.5 3.9 232 
m/poDi M/po 6.72 2.56 1.86 0.65 0.06 
* SRM = sulfide rimmed metal, Di = partition coefficient, po = pyrrhotite, m = metal 
† = Data are in weight percent element 
 
 
Figure 3.12. Bar graph illustrating partition coefficients for metal v. pyrrhotite in SRM 
grains. All elements except for Zn and Se are preferentially incorporated into metal or 
over pyrrhotite. There is a correlation between element volatility and partitioning; 
moving towards the right (i.e., higher volatility), the elements preferentially are 
incorporated less into the metal and more into the sulfide. 
Comparison of PPI and SRM Trace Element Concentrations 
Despite being from different meteorite groups (CM versus CR PPI grains) and 
having formed by different mechanisms (SRM versus PPI grains), the grains show 
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remarkably similar characteristics in terms of the shapes of their volatility-related 
patterns and the relative abundances of the elements. The similarities between the PPI 
bulk compositions (mss), the SRM pyrrhotite, and the SRM metal (Figure 3.13) are likely 
due to similar processes involved in their formation (e.g., volatilization; l-l, l-s, and s-s 
partitioning; and unmixing). By comparing these patterns and focusing on the 
differences, we can determine their causes and see if the observed patterns are consistent 
with our proposed formation mechanisms (i.e., crystallization model for the PPI grains 
and sulfidization model for the SRM grains). 
 
Figure 3.13. CI normalized concentration plot as described in Figure 3.7 comparing 
SXRF data for CR SRM metal and pyrrhotite to bulk compositions of the CM and CR 
PPI grains. Note the similarities between the SRM metal and pyrrhotite with the PPI bulk. 
Bulk refers to the bulk composition of the PPI, which we assume is equivalent to the 
composition of the mss. 
Noteworthy differences between the PPI bulk, the SRM pyrrhotite, and the SRM 
metal include: 1) Lower Ni, Co, and Cu abundances in the SRM pyrrhotite compared to 
the PPI bulk and SRM metal; 2) Lower Ge and Zn in the SRM pyrrhotite and metal 
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compared to the PPI bulk; and 3) Lower Se in the SRM metal compared to the PPI bulk 
and SRM pyrrhotite. The differences in (1) could be the result of liquid-liquid 
partitioning between silicate and metal±sulfide melts in type I chondrules and between 
silicate and mss melts in type II chondrules. In type I chondrules, iron melts formed 
rather than mss melts owing to the absence of sulfur. Since Ni, Co, and Cu are strongly 
siderophile, it is reasonable to assume that these elements partitioned into the iron melts. 
These elements could have largely remained in the metal even after sulfidization due to 
their high volatilization temperatures (Lodders et al., 2003). The mss that formed from 
the metal during sulfidization had only small amounts of these elements as evidenced by 
the small proportions of pentlandite seen in the SRM grains. In the case of type II 
chondrules, mss melts formed rather than iron melts owing to the presence of sulfur. In 
this case, Ni, Co, and Cu partitioned into the mss melt, as they have more chalcophile 
than lithophile tendencies. In short, the SRM pyrrhotite has smaller amounts of Ni, Co, 
and Cu than the PPI mss because these elements partitioned more strongly into the metal 
and are largely retained in the metal even after sulfidization, whereas in the PPI grains, 
the elements partitioned into the mss.  
The differences in (2) are complex. Germanium has a low volatility temperature 
(883 K; Lodders, 2003) and a relatively high diffusion coefficient (Righter et al., 2005). It 
could have been volatilized along with S during chondrule formation, which includes 
migration of metal melts to chondrule rims. However, unlike S, it did not recondense 
onto/into the metal or in the sulfide to a large extent and instead reacted with some other 
component in the nebular gas/dust. Alternatively, condensation temperatures of precursor 
materials could have played a role. While Ge is cosmochemically siderophile, it is 
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depleted in the SRM metal. This could be due to the low condensation temperature of Ge 
(50% TC of 883 K) as compared to the other siderophile elements listed as well as Fe 
alloy (50% TC of 1353, 1352, and 1037 K for Ni, Co, and Cu, respectively and TC of 
1357 K for Fe alloy) (Lodders et al., 2003). So while Ge may have a siderophile nature, 
its low condensation temperature precluded metal condensates from having large 
concentrations of it. That is, the Fe alloys that condensed would have largely already 
formed before Ge was able to condense into them. Any subsequent processing of metal 
condensates, such as melting during chondrule formation, would be similarly depleted in 
Ge. 
In the case of Zn, the differences are likely due to liquid-liquid partitioning 
between silicate and metal±sulfide melts in type I chondrules and between silicate and 
mss melts in type II chondrules. Zinc is both chalcophile and lithophile, so in the type I 
chondrules, it partitioned strongly into the silicate melts, whereas in the type II 
chondrules, it partitioned into both the silicate and mss melts. This accounts for its higher 
concentration in the PPI grain bulk patterns as compared to either the SRM metal or 
pyrrhotite. Lastly, the differences in (3) are due to the chalcophile nature of Se. In the 
case of the SRM grains, either the Se was never incorporated into the type I chondrules, 
being neither siderophile nor lithophile, or Se’s low volatilization temperature (697 K; 
Lodders, 2003) likely resulted in it escaping the chondrule similar to S. In either case, Se 
must have been (re)incorporated into the SRM pyrrhotite during sulfidization. 
Conclusions 
 This work, the first of its kind to look at trace elements in individual grains, 
involved SXRF microprobe analyses on FIB-prepared sections of pyrrhotite, pentlandite, 
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and Fe,Ni metal from representative occurrences of primary sulfide and metal/sulfide 
grains in CM and CR carbonaceous chondrites. We detected Fe, Ni, Co, Cu, Ge, Zn, and 
Se. It was determined that the following sets of trace element patterns were remarkably 
similar: 1) CM and CR PPI grain pyrrhotite, 2) CM and CR PPI grain pentlandite, 3) CM 
and CR PPI bulk, and 4) SRM grain pyrrhotite and metal. The similarity between the CM 
and CR sulfides is further evidence for similar formation mechanisms and conditions. 
The similarity between the SRM pyrrhotite and metal is further evidence for a genetic 
relationship between the two such as sulfidization.  
 The PPI grain bulk has enrichments of Ni, Co, Cu, and Se and depletions of Ge 
and Zn, a likely result of liquid-liquid partitioning between silicate and mss melts during 
chondrule formation. The PPI grain pentlandite has low concentrations of Ge and high 
concentrations of Zn, whereas the PPI grain pyrrhotite shows the opposite behavior. 
These are a likely result of solid-state unmixing between pyrrhotite and pentlandite from 
mss. The SRM metal has enrichments of Ni, Co, and Cu and depletions of Ge, Sn, and 
Se. The SRM pyrrhotite has enrichments of Co, Cu, and Se and depletions of Ni, Ge, and 
Zn. Partition coefficients of the SRM grain show a linear correlation with element 
volatility for the metal-pyrrhotite system which is a product of formation by sulfidization. 
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Appendix I. EPMA Analyses Used for Standardization
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Appendix I. EPMA Analyses Used for Standardization 
EPMA Analyses in wt. %  
CM2 
PPI 
Grain Phase Thickness (um) 
Density 
(g/cc) Point S Cr Co Ni Fe Total 
QUE97_C12S2 Po 1.11 4.61 1 36.63 0.02 0.19 1.25 62.01 100.11 
    2 36.95 0.03 0.19 1.37 61.76 100.29 
    3 36.78 0.02 0.21 1.42 61.57 100.00 
    4 36.77 0.03 0.17 1.10 62.00 100.07 
    5 36.87 0.04 0.20 1.46 61.59 100.16 
    6 36.53 0.05 0.19 1.01 61.82 99.60 
    7 36.83 0.05 0.17 1.28 61.87 100.21 
    Avg 36.77 0.04 0.19 1.27 61.80 100.06 
 Pn 1.35 4.8 8 33.20 0.02 0.68 24.77 40.47 99.14 
    9 33.56 0.02 0.72 24.64 40.38 99.31 
    Avg 33.38 0.02 0.70 24.70 40.42 99.23 
CR2 
PPI 
QUE99_C1S2 Po 0.937 4.61 1 36.91 0.03 0.14 0.84 62.49 100.45 
 Pn 1.28 4.8 4 33.76 0.02 0.80 24.21 39.64 98.70 
SRM 
EET_C3S3 Po 1.32 4.61 1 36.07 0.06 0.10 0.80 62.60 99.64 
    2 35.89 0.05 0.08 0.73 62.82 99.56 
    3 35.81 0.07 0.09 0.85 62.62 99.45 
    4 36.11 0.06 0.06 0.67 62.91 99.82 
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SRM 
Grain Phase Thickness (um) 
Density 
(g/cc) Point S Cr Co Ni Fe Total 
EET_C3S3 Po 1.32 4.61 Avg 35.97 0.06 0.08 0.76 62.74 99.62 
 M 1.44 7.91 1 0.01 0.07 0.30 6.31 92.92 99.74 
    2 0.02 0.06 0.32 6.33 92.53 99.38 
    3 0.00 0.09 0.31 6.50 92.42 99.43 
    5 0.01 0.07 0.30 6.33 92.67 99.47 
    Avg 0.01 0.08 0.31 6.37 92.63 99.51 
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EPMA Analyses in at. % 
CM2 
PPI 
Grain Phase Thickness (um) 
Density 
(g/cc) Point S Cr Co Ni Fe Total 
QUE97_C12S2 Po 1.11 4.61 1 50.16 0.02 0.14 0.94 48.74 100.00 
    2 50.43 0.02 0.14 1.02 48.39 100.00 
    3 50.37 0.02 0.16 1.06 48.40 100.00 
    4 50.31 0.03 0.12 0.82 48.71 100.00 
    5 50.40 0.04 0.15 1.09 48.33 100.00 
    6 50.24 0.04 0.14 0.76 48.82 100.00 
    7 50.34 0.04 0.13 0.95 48.54 100.00 
    Avg 50.32 0.03 0.14 0.95 48.56 100.00 
 Pn 1.35 4.8 8 47.20 0.02 0.53 19.23 33.03 100.00 
    9 47.53 0.01 0.56 19.06 32.83 100.00 
    Avg 47.37 0.02 0.54 19.15 32.93 100.00 
CR2 
PPI 
QUE99_C1S2 Po 0.937 4.61 1 50.33 0.02 0.10 0.63 48.92 100.00 
 Pn 1.28 4.8 4 48.10 0.02 0.62 18.84 32.42 100.00 
SRM 
EET_C3S3 Po 1.32 4.61 1 49.73 0.05 0.07 0.60 49.54 100.00 
    2 49.56 0.04 0.06 0.55 49.80 100.00 
    3 49.52 0.06 0.07 0.64 49.71 100.00 
    4 49.69 0.05 0.04 0.51 49.70 100.00 
    Avg 49.62 0.05 0.06 0.57 49.69 100.00 
 M 1.44 7.91 1 0.02 0.08 0.29 6.04 93.57 100.00 
 187 
 
SRM 
Grain Phase Thickness (um) 
Density 
(g/cc) Point S Cr Co Ni Fe Total 
EET_C3S3 M 1.44 7.91 2 0.04 0.07 0.31 6.08 93.50 100.00 
    3 0.00 0.10 0.30 6.25 93.35 100.00 
    5 0.03 0.08 0.28 6.08 93.53 100.00 
    Avg 0.02 0.08 0.30 6.11 93.49 100.00 
* QUE97 = QUE 97990, QUE99 = QUR 99177, EET = EET 92042, po = pyrrhotite, pn = pentlandite, m = metal 
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Chondrites: Insights into Parent Body Processes 
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Abstract 
 The presence of primary iron sulfides that appear to be aqueously altered in CM 
and CR carbonaceous chondrites provides the potential to study the effects and, by 
extension, the conditions of aqueous alteration. In this work, we have used SEM, TEM, 
and EPMA techniques to characterize primary sulfides that show evidence of secondary 
alteration. The alteration styles consist of primary pyrrhotite altering to secondary 
pentlandite (CMs only), magnetite (CMs and CRs), or phyllosilicates (CMs only) in 
grains that initially formed by crystallization (pyrrhotite-pentlandite intergrowth (PPI) 
grains) and primary metal altering to magnetite (CRs only), iron carbides (CRs only), or 
tochilinite (CMs only) in grains that initially formed by sulfidization (sulfide-rimmed 
metal (SRM) grains). Textural, microstructural, and compositional data from altered 
sulfides and sulfide-metal assemblages in a suite of CM and CR chondrites have been 
used to constrain the conditions of alteration of these grains and determine their alteration 
mechanisms. 
This work shows that the PPI grains show two styles of alteration: one to form the 
porous pyrrhotite-pentlandite (3P) grains by dissolution of precursor PPI grain pyrrhotite 
and subsequent secondary pentlandite precipitation (CMs only), and the other to form the 
PPI altered grains by pseudomorphic replacement of primary pyrrhotite by magnetite 
(CMs and CRs) or phyllosilicates (CMs only). The sulfide-rimmed metal (SRM) altered 
grains formed from pseudomorphic replacement of primary pyrrhotite with magnetite 
(CRs only) and/or primary Fe,Ni metal with magnetite (CRs only), iron carbides (CRs 
only), or tochilinite (CMs only). The range of alteration textures and products is the result 
of differences in conditions of alteration due to the role of microchemical environments 
and/or brecciation. Our observations show that primary sulfides are sensitive indicators of 
aqueous alteration processes in CM and CR chondrites.  
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Introduction 
 Aqueous alteration was a major and pervasive process that affected chondritic 
meteorites early in solar system history. The importance of alteration has been 
highlighted by recent discoveries arguing that Earth’s water reservoir was largely derived 
from the asteroidal parent bodies of the carbonaceous chondrite meteorites (Saal et al., 
2013; Sarafian et al., 2014). The effects of this alteration on minerals within chondritic 
meteorites, especially the carbonaceous chondrite group, have the potential to provide 
information on the conditions of alteration on parent bodies, which are still poorly 
constrained.  
One group of minerals that makes an excellent candidate for the study of the 
effects of aqueous alteration is iron sulfides. Iron sulfides are ubiquitous, though minor, 
in all meteorite types and are sensitive to both thermal metamorphism and aqueous 
alteration. Modification of sulfide compositions and structures is facilitated by rapid 
diffusion of metal ions in sulfide minerals, even at moderate temperatures during 
metamorphism (Condit et al., 1974). The effects of aqueous alteration on sulfide minerals 
is highly variable, because the stabilities of sulfides in aqueous fluids are controlled by a 
variety of factors including fluid composition, temperature, Eh, and pH. In this study, we 
focus solely on aqueous alteration of sulfides in the CM2 and CR2 carbonaceous 
chondrites, two groups of meteorites that have typically been unaffected by thermal 
metamorphism (with the exception of the well-recognized thermally-metamorphosed CM 
chondrites; e.g., Akai, 1988; Ikeda, 1992; Nakamura, 2005), but have experienced 
varying degrees of aqueous alteration (e.g., Browning et al., 1996; Grossman and 
Brearley, 2005; Rubin et al., 2007; Harju et al., 2014).  
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To determine the effects of alteration on iron sulfides, it is first necessary to 
distinguish primary sulfides from secondary sulfides. Primary sulfides are considered, for 
the purposes of this work, to be those that formed in the solar nebula, prior to accretion of 
asteroidal parent bodies. These include sulfides which formed by: 1) sulfidization via the 
reaction of Fe,Ni metal with H2S gas and/or 2) crystallization of sulfide melts in 
chondrules during cooling, following the chondrule-formation event(s). In both cases, 
pyrrhotite (iron-deficient iron sulfide, Fe1-xS) and pentlandite ((Fe,Ni)9S8) are potential 
products. Primary sulfides in CM and CR chondrites which formed from sulfidization 
have been observed by Zanda et al. (1995), while those that formed from crystallization 
have been observed by Boctor et al. (2002), Brearley and Martinez (2010), Harries and 
Langenhorst (2013), and Schrader et al. (2015). Other unusual P and Cr-bearing sulfides 
have been identified in CM chondrites (e.g., Bunch et al., 1979; Bunch and Chang, 1980) 
that Nazarov et al. (2009) have suggested are primary having formed by sulfidization of a 
unique precursor material (i.e., not simply kamacite). 
In Chapter 2, we presented detailed textural and compositional data for primary 
sulfide grains in CM and CR chondrites, which are postulated to have formed by both 
mechanisms. Following the terminology presented in Chapter 2, sulfide-rimmed metal 
(SRM) grains, which occur in matrices of CM chondrites and chondrules in CR 
chondrites and are characterized by kamacite cores rimmed by pyrrhotite with pentlandite 
exsolution (Fig. 4.1d−f), are hypothesized to have formed by sulfidization. Experimental 
work by Lauretta et al. (1996a; b; c; 1997; 1998) and Schrader and Lauretta (2010) 
supports this interpretation. In contrast, pyrrhotite-pentlandite intergrowth (PPI) grains, 
which occur in matrices and chondrules of CM and CR chondrites and contain complex 
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exsolution textures (Fig. 4.1a−c), are proposed to have formed by crystallization within 
chondrules, an origin which has become widely accepted based on several recent studies 
(e.g., Boctor et al., 2002; Brearley and Martinez, 2010; Harries and Langenhorst (2013), 
and Schrader et al., 2015). 
 
Figure 4.1. BSE images of (a−c) PPI and (d−f) SRM grains from (a) CM QUE 97990, 
(b) CR EET 92042, (c) CM Murchison, (d) CR QUE 99177, and (e,f) CR EET 92042. po 
= pyrrhotite, pn = pentlandite, m = Fe,Ni metal. 
Secondary sulfides are defined as those that formed from an aqueous fluid on an 
asteroidal parent body. This could include sulfides, which precipitated directly from 
solution and/or those that formed from the interaction of water by replacement of Fe,Ni 
metal or troilite (FeS) grains with other sulfides. However, observations show that metal 
replacement, in at least the CM chondrites, typically involves the formation of tochilinite-
cronstedtite intergrowths, which contain a sulfide-like (mackinawite) layer (Tomeoka and 
Buseck, 1988). Numerous previous works (Fuchs et al., 1973; Hanowski and Brearley, 
2001; Zolensky and Le, 2003; Bullock et al., 2007) have argued for the formation of 
pyrrhotite and pentlandite in CM chondrites from the reaction of Fe,Ni metal or troilite 
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with water. However, as noted above, the recent studies of pyrrhotite and pentlandite 
grains (PPI and SRM) that typically occur in chondrules, show conclusively that they 
have a primary nebular origin. In this study, we examine the alteration behavior of these 
primary solar nebular sulfides, to understand their alteration behavior as a function of 
increasing intensity of alteration. We focus on the new alteration phases that are formed 
during primary sulfide alteration and the mechanisms of alteration. 
Potential altered primary sulfides previously observed by other authors include: 1) 
intermediate sulfides, those having a composition intermediate between pyrrhotite and 
pentlandite (e.g., Scott and Taylor, 1985; Alexander et al., 1989; Zolensky and Thomas, 
1995), and 2) pyrrhotite in PPI and SRM grains altering to magnetite in CMs (Brearley, 
2011) and CRs (Schrader et al., 2008; Schrader et al., 2015) or phyllosilicates in CMs 
(Brearley, 2011). This study seeks to expand upon previous observations in an attempt at 
determining, in a more systematic fashion, the effects of aqueous alteration on primary 
sulfides in CM and CR chondrites. The meteorites studied in this work are petrologic 
type 2, that span a range of degrees of aqueous alteration, allowing the evolution of 
sulfide microtextures and compositions to be evaluated, as a function of increasing 
alteration. The overall goal is to obtain information on the conditions of alteration on the 
two different parent bodies of these meteorite groups. This could include variables such 
as T, fO2, pH, fluid composition, etc. 
Methods 
 The textures and compositions of sulfide and sulfide-metal assemblages were 
studied in the following meteorites: CM2 chondrites–QUE 97990, Murchison, Murray, 
and Mighei; CR2 chondrites–QUE 99177, EET 92042, MET 00426, and Renazzo. These 
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samples are listed in order of increasing degrees of alteration by meteorite type using the 
schemes of Browning et al. (1996), Rubin et al. (2007), and Howard et al. (2015) for 
CMs and Harju et al. (2014) and Howard et al. (2015) for CRs; see Chapter 2 and Table 
2.1 for a detailed discussion and more information on these schemes.   
Data were obtained from the following polished thin sections (PTSs): CM2s QUE 
97990,31; Murchison UNM 652; Murray UNM 126 and 552; Mighei FMNH ME1456 
and USNM 3483-2; CR2s QUE 99177,19; EET 92042,35; ,46; MET 00426,16; and 
Renazzo USNM 1123-1. Murchison UNM 652, Murray UNM 126, and 552 were loaned 
from the Institute of Meteoritics (IOM). Renazzo USNM 1123-1 and Mighei USNM 
3483-2 were obtained on loan from the Smithsonian’s National Museum of Natural 
History and Mighei FMNH ME1456 was loaned from the Field Museum of Natural 
History, Chicago. All other PTSs were obtained from NASA’s Astromaterials 
Acquisition and Curation Office. 	
For back-scattered electron (BSE) imaging of the textures and energy dispersive 
spectrometry (EDS) analyses, we used a FEI Quanta 3D DualBeam® Field Emission 
Gun Scanning Electron Microscope/Focused Ion Beam (FEGSEM/FIB) under the 
following operating conditions: 10 mm working distance, 10 (BSE imaging) or 30 (EDS 
analyses and maps) kV accelerating voltage, 16 nA beam current. The imaging conditions 
(i.e., 10 kV) resulted in a higher spatial resolution and were optimal for observing the 
very fine-scale textures present in many of the grains. Preparation of FIB sections for 
Transmission Electron Microscopy (TEM) were also performed on the FEI Quanta 3D 
Dualbeam® FEGSEM/FIB. The FIB-prepared samples, protected from beam damage 
using a platinum strip, were removed from the thin section using the in situ lift out 
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technique with an Omniprobe 200 micromanipulator and mounted onto copper TEM half 
grids. Samples were then milled to electron transparency. Extraction of the FIB samples 
was performed at an ion beam accelerating voltage of 30 kV with a beam current ranging 
between 1 and 5 nA. Milling to electron transparency was also carried out at an ion beam 
accelerating voltage of 30 kV, with beam currents decreasing from 0.5 nA to 50 pA at the 
final stage of ion thinning.  
The major and minor element compositions of the sulfides were obtained using 
wavelength dispersive spectrometry (WDS) on the JEOL 8200 Electron Probe 
Microanalyzer (EPMA). Operating conditions were 15 kV accelerating voltage, 20 nA 
beam current, and a beam size of 5 to 10 µm depending on the overall size of the sulfide 
grain. Elements analyzed, the crystals they were measured on, count times, detections 
limits, and standards used are summarized in Table 4.1. Appropriate corrections were 
made for elements whose peaks interfere with one other (i.e., Fe and Co) using the Probe 
for EPMA (PFE) software (Donovan et al., 1993). The compositional data were only 
altered by applying standard ZAF corrections within Probe for EPMA. The values 
presented for the 3P grains are averages of two to fourteen analyses. 
Table 4.1. Elements, crystals, count times, detection limits, and standards for EPMA 
analyses.  
Element Crystal Count Time (s) Detection Limit (wt. %) Standard 
S PETJ 30 0.40−0.51 Pyrite 
Cr PETL 45 0.01 Chromite 
Fe LIFH 20 0.03−0.04 Pyrite 
Co LIFH 40 0.02−0.03 Co metal 
Ni LIFH 30 0.03−0.04 Ni metal 
A JEOL 2010F FASTEM Field Emission Gun Scanning Transmission Electron 
Microscopes (FEGSTEM), operating at 200 kV, was used to obtain high-angle annular 
dark-field STEM images and electron diffraction patterns. In-situ X-ray analyses were 
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obtained with an Oxford Instruments INCA 200 EDS X-ray analysis system using an 
Oxford Pentafet UTW EDS detector in TEM mode. Additional X-ray maps and analyses 
were obtained on the JEOL 2010F in STEM mode using an Oxford Instruments 
AztecEnergy EDS system coupled to an Oxford X-Max 80 silicon drift detector (SDD). 
The EDS analyses were obtained at an accelerating voltage of 200 kV. All analytical 
work was performed at the University of New Mexico (UNM) in the Department of Earth 
& Planetary Sciences and Institute of Meteoritics. 
Results 
In this study of altered sulfides/sulfide-metal assemblages, a significant number of 
different grains were imaged in each thin section, but our work was limited to coarse-
grained sulfides (i.e., >10 µm in size). We searched the matrix and both type IA and IIA 
chondrules of all the thin sections examined in this study. Our observations yielded 
several common textural groups displaying differing forms of alteration that occurred in 
CM and CR chondrites. These include the following: 
1) Porous pyrrhotite-pentlandite (3P) grains 
2) Pyrrhotite-pentlandite intergrowth altered (PPI alt) grains 
3) Sulfide-rimmed metal altered (SRM alt) grains  
These assemblages were considered altered, based on textural criteria, in comparison 
with the textures of primary sulfide grains, as documented in Chapter 2. The features that 
were considered to be indicative of alteration include the presence of pores, reaction 
fronts, embayment of the grains, or replacement of primary phases (i.e., pyrrhotite, 
pentlandite, kamacite) as a result of pseudomorphic replacement. We categorized grains 
as being altered if they showed visible evidence of any of these features at the SEM scale. 
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This includes both minimally-altered grains, with only micron-sized patches of 
pseudomorphically-replaced primary phases or low proportions of porosity, and 
extensively-altered grains, with near complete pseudomorphic replacement of primary 
phases or a high proportion of porosity. Most of the grains we refer to as “altered” lie 
between these two extremes. The abundance within the population of altered grains 
discussed, range in size, and spatial occurrence of each textural type in each meteorite 
sample are summarized in Table 4.2. Many of these textural groups, especially the 3P and 
PPI grains, occurred in the same sample, often in close proximity to each other. 
Table 4.2. Textural groups, proportions, sizes, and locations of altered primary sulfide 
grains and sulfide-metal assemblages by sample. Samples of the same meteorite group 
are listed in order of increasing degree of aqueous alteration. 
Meteorite 
Group Sample 
Textural 
Group n 
Relative 
% in 
Sample 
Size 
Range 
(µm) 
Spatial 
Occurrence 
CM 
QUE 97990 
3P 3 21.4 15−60 Type IIA, mx 
PPI alt 9 64.3 10−75 Type IIA, mx 
SRM alt 2 14.3 35−45 Mx 
Murchison 
3P 9 37.5 8−45 Type IIA, mx 
PPI alt 13 54.2 15−50 Type IIA, mx 
SRM alt 2 8.3 20−30 Mx 
Murray 
3P 8 29.6 15−40 Matrix 
PPI alt 17 63.0 15−55 Type IA, IIA, mx 
SRM alt 2 7.4 20−30 Mx 
Mighei 
3P 7 43.8 10−100 Mx 
PPI alt 8 50.0 20−60 Type IIA, mx 
SRM alt 1 6.2 30 Mx 
CR 
QUE 99177 PPI alt 1 100 35 Type IIA 
EET 92042 PPI alt 6 100 15−45 Type IIA, mx 
MET 00426 PPI alt 1 100 40 Mx 
Renazzo PPI alt 19 59.4 15−150 Type IA, IIA, mx SRM alt 13 40.6 30−150 Type IA 
* Relative % is the percentage of the number of altered grains in the sample, mx = matrix 
 
Porous Pyrrhotite-Pentlandite (3P) Grains 
 The porous pyrrhotite-pentlandite (3P) grains, identified as altered primary 
sulfides (Fig. 4.2), are similar to PPI grains, but contain crystallographically-oriented 
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porosity within pyrrhotite or secondary pentlandite portions of the grains. The pores 
range in size from <1 µm to a few microns and in shape from round to ellipsoidal to 
linear. They are distributed pervasively, but heterogeneously throughout the grains except 
for areas where primary pentlandite patches or blades are located. In grains with regions 
of remnant pyrrhotite, the pores are concentrated near fractures in the grain and along 
grain boundaries. The degree of porosity varies between altered grains within a given 
meteorite and even within a given chondrule. There appears to be a weak correlation 
between the degree of alteration of the host meteorite and the degree of porosity; that is, 
the less-altered meteorites have 3P grains with fewer pores. The 3P grains are found only 
in CM chondrites and primarily occur as isolated grains in the matrix, but several have 
been observed within type IIA chondrules, as well. The grains range in size from ~8 µm 
to 100 µm and are anhedral. 
The precursor sulfides for the 3P grains are the PPI grains, demonstrated by the 
presence of remnant pyrrhotite, as well as pentlandite exsolution textures such as 
pentlandite patches and sub-micron lamellae/rods that are a common characteristic of PPI 
grains (Chapter 2). However, BSE images show that most grains lack large areas of 
pyrrhotite and are instead composed of: 1) relict primary pentlandite patches and blades 
free of pervasive porosity and 2) what we propose is secondary pentlandite, with minor 
amounts of remnant pyrrhotite, containing pores. Evidence for the secondary nature of 
some pentlandite in these grains is primarily textural, though their compositions are often 
distinct from their primary counterparts in being more Co rich as discussed later in this 
section. Textural evidence for a secondary origin of pentlandite includes the porosity and 
the formation of the pentlandite at the expense of pyrrhotite (see Fig. 4.2c).  
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Figure 4.2. BSE images of two 3P grains from CM Murchison located in the same type 
IIA chondrule showing (a) the textural context of the grains, (b) the less-altered grain 
from the interior of the chondrule, (c) a high magnification image of the less-altered 
grain, (d) the more-altered grain from the chondrule rim, and (e) a high magnification 
image of the more-altered grain. These grains show the extremes in degree of alteration 
with (b−c) still retaining remnant po and (d−e) no longer containing obvious po. Potential 
primary pn, containing no pores, is present in (d). po = pyrrhotite, 1pn = primary 
pentlandite, 2pn = secondary pentlandite, FIB = location where a FIB section was 
extracted. 
The 3P grains lacking large areas of pyrrhotite and containing mostly primary and 
secondary pentlandite are more common in the more-altered samples. Figure 4.2 shows 
the extremes in the range of textures from two different 3P grains located in the same 
chondrule in Murchison. In Figures 2b−c, the 3P grain contains remnant pyrrhotite with 
secondary pentlandite extending into it, whereas in Figures 2d−e, the 3P grain lacks large 
areas of pyrrhotite and only contains primary pentlandite remnants and secondary 
pentlandite, potentially with fine-scale remnant pyrrhotite that is not visible on the SEM 
scale. Figures 2b−c also illustrates the more extensive porosity and presence of secondary 
pentlandite along grain boundaries. In this chondrule, the less-altered 3P grain (Figs. 
4.2b−c) is located in the chondrule interior, whereas the more-altered one (Figs. 4.2d−e) 
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is located on the chondrule rim. This is true of the other sulfides in the same chondrule as 
well; this observation cannot be extended to other chondrules, however, as the occurrence 
of multiple 3P grains in the same chondrule is rare. 
Compositionally, the 3P grains show a trend towards a more pentlandite-like bulk 
composition with increasing degrees of alteration of the grain; that is, the progression 
from grains with remnant pyrrhotite present as fine-grained intergrowths to those with 
mostly only secondary pentlandite. Table 4.3 summarizes the individual EPMA analyses 
of the 3P grains, while Figure 4.3 presents these data in element-element plots (in wt. % 
and wt. ratio). Note that the porosity causes somewhat lower (<98.5 wt. %) analytical 
totals for these analyses. This may explain some of the spread in the data within the 
analytical data for a specific phase and meteorite sample in Figure 4.3 though, as the 
weight ratios illustrate, cannot account for all of it. The textured field in Figure 4.3a 
represents the compositions of primary sulfides as reported in Chapter 2. The majority of 
the po, po/pn, and 1pn analyses fall within or near the PPI envelope, whereas most of the 
2pn analyses fall outside the PPI envelope in the Co vs Ni plot. The 2pn analyses mostly 
have lower Ni and higher Co than the primary pentlandite grain compositions. Focusing 
only on the 2pn data in Figures 3c−d, there appear to be trends of increasing Co contents, 
Ni contents, Co/Ni ratios, and S/Fe ratios with an increase in the degree of alteration for 
the bulk meteorite sample. Figure 4.4 presents the 3P grain compositional data on an Fe-
Ni-S ternary diagram (in at. %) for 450°C with phase fields and tie-lines from Kitakaze et 
al. (2011). The majority of the analyses plot between mss and pentlandite. Since this 
ternary does not take Co contents into account, the primary and secondary pentlandite 
compositions overlap. 
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Table 4.3. Representative EPMA spot analyses (in wt. %) of 3P grains in CM chondrites QUE 97990, Murchison, Murray, and 
Mighei. 
* QUE97 = QUE 97990, Murray126 = Murray UNM 126, MigheiFM = Mighei FMNH ME1456 
** po = pyrrhotite, 1pn = primary pentlandite, 2pn = secondary pentlandite po/pn = porous po containing fine-scale pn exsolution 
§ Note, we did not collect data on 3P grains in CRs as they were not observed. 
  
 
Grain Phase S Ni Co Fe Total  Grain Phase S Ni Co Fe Total 
QUE97_S36 1pn 
32.42 32.63 1.01 31.66 98.0  
Murchison_C3S3 
Po 35.98 6.35 0.27 53.16 95.8 32.58 32.16 1.14 32.13 98.2  36.60 8.03 0.38 51.44 96.5 
32.39 32.49 1.04 32.24 98.5  2pn 32.59 26.99 0.94 34.10 94.7 32.74 32.31 0.94 32.65 98.7  33.09 26.99 0.93 34.53 95.9 
31.65 31.74 1.14 32.03 96.8  
Murchison_C3S2 
1pn 
31.65 32.13 0.92 28.80 93.5 
QUE97_S2 Po/pn 
32.94 10.81 0.38 51.09 95.3  31.75 32.99 0.98 28.98 94.7 
32.82 11.23 0.34 50.39 94.8  32.15 32.41 0.96 28.85 94.4 
32.69 12.26 0.36 49.70 95.0  32.70 33.07 0.98 28.69 95.5 
33.27 10.94 0.34 51.81 96.4  2pn 31.74 30.23 1.31 30.58 94.0 32.89 11.52 0.36 48.89 93.7  32.22 29.82 1.28 30.00 93.5 
32.54 25.87 0.54 38.47 97.5  
Murray126_S13 2pn 
32.48 31.74 1.64 31.12 97.1 
Murchison_S18 
1pn 32.69 34.76 0.98 27.27 95.7 
 32.19 31.24 1.66 30.57 95.8 
33.56 34.67 0.96 27.45 96.6  32.23 31.48 1.58 31.13 96.5 
2pn 
33.42 29.93 1.28 29.37 94.0  32.62 31.26 1.61 30.81 96.5 
32.52 30.15 1.26 29.68 93.8  
MigheiFM_S10 
Pn 29.43 33.12 1.23 30.21 94.2 32.34 29.58 1.27 29.51 93.1  30.70 34.10 1.13 30.08 96.2 
32.65 30.52 1.31 29.24 93.7  2pn 30.02 32.06 1.60 29.30 93.1 32.99 30.21 1.32 29.65 94.3  30.03 32.09 1.54 29.54 93.3 
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Figure 4.3. Element-element plots for individual spot analyses of 3P grains by (a) phase 
in wt. %, (b) phase in wt. ratio, (c) meteorite sample for secondary pentlandite only in wt. 
%, and (d) meteorite sample for secondary pentlandite only in wt. ratio. The textured 
region in (a) denotes an envelope for PPI grain analyses of CM chondrites from Chapter 
2. Weight ratio plots (b,d) are included to illustrate that the spread observed within a 
phase group or meteorite sample is not simply the result of low totals. (a−b) The 
secondary pentlandite tends to have greater Co contents than the primary pentlandite. 
Black triangle = po, light gray diamond = po/pn, white circle = 1pn, blue circle = 2pn. 
Focusing only on secondary pentlandite, we notice clear trends of (c) increasing Ni and 
Co contents and (d) increasing Co/Ni and S/ Fe ratios with increasing degree of alteration 
for the bulk meteorite sample. The color of the sample corresponds to the meteorite with 
progressively darker shading indicating increasing extent of alteration for the bulk 
meteorite. po = pyrrhotite, 1pn = primary pentlandite, 2 pn = secondary pentlandite, 
po/pn = fine-scale intergrowths of po and pn. 
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Figure 4.4. Fe-Ni-S ternary diagram (at. %) for individual spot analyses of 3P grains in 
CMs QUE 97990, Murchison, Murray, and Mighei. mss = monosulfide solid solution, pn 
= pentlandite, α = alpha (kamacite), γ = gamma (taenite). Phase fields are for 450°C from 
Kitakaze et al. (2011). 
 TEM observations 
Transmission electron microscope studies were performed on FIB sections 
extracted from two different 3P grains: 1) a less-altered grain from QUE 97990 
containing remnant fine-scale pyrrhotite, but lacking large areas of pentlandite (Fig. 4.5) 
and 2) a more-altered grain from Mighei dominated by pentlandite, but containing no 
visible remnant pyrrhotite on the SEM scale (Fig. 4.6). The less-altered 3P grain is 
characterized by pyrrhotite containing pentlandite lamellae with widths varying from 20 
to 75 nm, which are irregular down their lengths, discontinuous, and pinch out. The 
SAED patterns show the pyrrhotite to be a monoclinic 4C superstructure that is oriented 
with [112]mpo//[011]pn and (1ത10ሻmpo//(111തሻpn (Fig. 4.5d), consistent with previous 
studies of pyrrhotite-pentlandite exsolution textures from terrestrial magmatic sulfides 
and experimental studies (Francis et al., 1976). The STEM EDS X-ray maps of the FIB 
section further show the presence of pentlandite lamellae (Fig. 4.7a). Pores are present 
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Figure 4.5. SEM- and TEM-scale images of a less-altered 3P grain located in the matrix 
of CM QUE 97990. BSE images depicting (a) the textural context of the grain, (b) the 
grain itself with the location of the FIB section extraction, and (c) a high magnification 
image of the grain. (d) HAADF STEM mosaic of the FIB section with SAED patterns 
showing orientation relationships of po, pn, and pores. High magnification HAADF 
STEM images showing (e) the texture on the left side of the FIB section, consisting of an 
intergrowth of po-pn, (f) pores and the flame-like texture within pyrrhotite, and (g) the 
right-side of the FIB section consisting of a pn-rich region. Pn lamellae are clearly visible 
in the HAADF STEM images and have varying thicknesses along their lengths as 
highlighted by the yellow arrows in (f). Note the crystallographic orientation of the pores 
(dark spots) as parallel or perpendicular to the pn (e,f). po = pyrrhotite, = pentlandite, 
po/pn = fine-scale intergrowths of po and pn. 
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but occur only in the pyrrhotite. The FIB section extracted from this grain includes 
different textured regions as seen on both the SEM and TEM scale. As the BSE images 
illustrate, the grain contains a region with fine-scale pyrrhotite-pentlandite intergrowths 
(left-side of Fig. 4.5c) in addition to a region near the grain boundary that is more 
pentlandite-rich (right-side of Fig. 4.5c). The HAADF STEM images show these regions 
in greater detail. They reveal that the po-pn intergrowth region contains fewer pentlandite 
lamellae, larger areas of pyrrhotite, and more porosity. The overall texture of this region 
is a mosaic of slightly misoriented, blocky domains whose boundaries are partially 
defined by crystallographically oriented pores (left-side of Fig. 4.5d, Fig. 4.5e). The 
pentlandite-rich region contains more pentlandite lamellae, smaller areas of pyrrhotite, 
and less porosity with mosaicism that is less apparent (right-side of Fig. 4.5d, Fig. 4.5g).  
On the local scale in this grain, the porosity is heterogeneous. Defining the width 
of the pores as being parallel to and the length as being perpendicular to the orientation of 
the pentlandite lamellae, the pores have widths varying from <5 to 25 nm and lengths 
varying from <5 to over 560 nm. The high magnification HAADF STEM images (Fig. 
4.5e, 4.5f) clearly show the crystallographic orientation of the porosity. The pores are 
most often oriented parallel to (1ത1ത1)mpo and, less often, to (1ത10)mpo (Fig. 4.5d), which is 
where dissolution occurred. These planes are parallel and, less often, perpendicular to the 
pentlandite lamellae and are planes of relatively high density packing of S and Fe atoms 
in pyrrhotite. Lastly, this less-altered 3P grain contains complex flame-like features (Fig. 
4.5f, 4.5g) in some regions of its pyrrhotite. These regions are slightly more Ni-rich than 
pyrrhotite as evidenced by TEM EDS analyses (i.e., 2.4 at. % for the flame-like texture, 
1.3 at. % for pyrrhotite). The flames are likely fine-scale intergrowths of two phases.  
 210 
 
The more-altered 3P grain is characterized by fractured pentlandite patches and 
porous, pentlandite-dominated regions. The two forms of pentlandite share the same 
crystallographic orientation. There are minor amounts of pyrrhotite present in the porous 
region that are visible only on the TEM scale. The SAED patterns show the pyrrhotite to 
be a monoclinic polymorph that is oriented with [111]mpo//[011]pn and (110ሻmpo//(11ത1ሻpn 
(Fig. 4.6d), again consistent with previous studies of pyrrhotite-pentlandite exsolution 
textures from terrestrial magmatic sulfides and experimental studies (Francis et al., 1976). 
The FIB section extracted from this grain includes these two different textured regions 
(Fig. 4.6b). The HAADF STEM images show these regions in greater detail. They reveal 
that the pentlandite patch region contains a large pentlandite grain free of any lamellae of 
pyrrhotite, or pores (left-side of Fig. 4.6d, Fig. 4.6e). The porous region contains 
pentlandite lamellae-like features, which are difficult to distinguish from one another, 
small amounts of pyrrhotite between these lamellae, and crystallographically-oriented 
porosity (right-side of Fig. 4.6d, Fig. 4.6g). STEM EDS X-ray maps of this FIB section 
further illustrate that the porous region of the grain appears to be dominated by 
pentlandite with only minor amounts of pyrrhotite (represented by the thin Fe-rich and 
Ni-poor bands) (Fig. 4.7b). The mosaic texture observed in the less-altered 3P grain is not 
present. 
The pores are irregular in shape and are often joined with other pores forming 
chain-like features (Fig. 4.6f). They are sometimes oriented parallel to (011)mpo, though 
more commonly they occur along another plane not defined by the major crystal planes in 
monoclinic pyrrhotite (Fig. 4.6d). Similar to the less-altered 3P grain, the planes are 
parallel and, less often, perpendicular to the pentlandite lamellae. Defining the width of 
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Figure 4.6. SEM- and TEM-scale images of a more-altered 3P grain located in the matrix 
of CM Mighei. BSE images showing (a) the textural context of the grain, (b) the grain 
itself along with the location of the FIB section extraction, and (c) a high magnification 
image of the grain. (d) HAADF STEM mosaic of the FIB section with SAED patterns 
showing orientation relationships of po, pn, and pores. High magnification HAADF 
STEM images showing (e) the left side region consisting of patch pentlandite textured 
region, (f) pores that are parallel and perpendicular to pentlandite lamellae, and (g) the 
right-side, porous pentlandite region. Pentlandite lamellae are not easily distinguished in 
the HAADF STEM images. Compared to Figure 4.5, the crystallographic orientation of 
the pores is less apparent, the porosity is more pervasive, and there are no flame-like 
textures. po = pyrrhotite, pn = pentlandite, po/pn = fine-scale intergrowths of po and pn. 
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Figure 4.7. TEM EDS X-ray maps of (a) the less-altered 3P grain of Figure 4.5 from 
QUE 97990 and (b) the more-altered 3P grain of Figure 4.6 from Mighei. The Fe and Ni 
maps of (a) clearly show the pn lamellae, which are Ni-rich and Fe-poor in comparison to 
the adjacent po. The flame-textured regions do not appear to be compositionally distinct 
from the po, based on these X-ray maps. The Fe and Ni maps of (b) show thin bands of 
Fe-rich and Ni-poor regions which are po. In contrast to the grain in (a), pn appears to 
dominate the grain in (b). po = pyrrhotite, pn = pentlandite. 
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the pores as being parallel to, and the length as being perpendicular to, the orientation of 
the pentlandite lamellae, the pores have widths varying from <5 to 50 nm and lengths 
ranging from <5 to 170 nm. The pores are typically larger with less crystallographic 
control compared to the less-altered 3P grain. Lastly, this 3P grain does not contain the 
flame-like texture that was observed in the less-altered grain.  
Pyrrhotite-Pentlandite Intergrowth Altered (PPI alt) Grains 
 The second group of altered primary sulfide grains are the pyrrhotite-pentlandite 
intergrowth altered (PPI alt) grains. Like the 3P grains, the precursor sulfides for this 
group are the primary PPI grains. Unlike the 3P grains, however, the PPI alt grains are 
observed in both CM and CR chondrites and are more extensively altered in the more 
altered samples of both meteorite groups, especially Murray and Mighei for the CM 
chondrites and Renazzo for the CR chondrites. These PPI alt grains are present both as 
isolated grains in the matrix and in type IIA chondrules. They range in size from ~20 µm 
to 80 µm and are anhedral.  
 There are two distinct types of PPI alt grains: 1) grains with pyrrhotite altering to 
magnetite and 2) grains with pyrrhotite altering to phyllosilicates. The former are present 
in CM and CR chondrites, while the latter are only present in CM chondrites. In both 
cases, exsolved pentlandite, occurring as patches, blades, lamellae, rods, etc. is more 
resistant to the alteration compared to pyrrhotite.  
Pyrrhotite-pentlandite intergrowth altered to magnetite (PPI alt mgt) grains 
 The PPI alt grains with pyrrhotite altering to an Fe oxide are present in both CM 
and CR chondrites and have been previously identified in CM chondrites by Brearley 
(2011) and in CR chondrites by Schrader et al. (2015). In this study, the Fe oxide was 
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determined to be magnetite in CM and CR chondrites using SAED patterns coupled with 
EDS analyses, consistent with previous work (Brearley, 2011; Schrader et al., 2015). 
These PPI alt grains are observed in all samples studied except Mighei. In the CM 
chondrites, they occur in the same samples as the 3P grains. In most cases, the 3P and PPI 
alt mgt grains are millimeters apart in the matrix, though in one case they occur in the 
same chondrule in CM QUE 97990 about 100 µm apart.  
The less-altered grains only have patches of porous magnetite, present within 
pyrrhotite (Figs. 4.8b, 4.9c, 4.9b, 4.10c), while in the more-altered grains, pyrrhotite has 
almost completely altered to porous magnetite, leaving just pentlandite remnants, 
especially along grain boundaries, and irregular-shaped islands of pyrrhotite (Figs. 4.8e, 
4.9f, 4.10e, 4.10f). Alteration typically occurs along grain boundaries and cracks and 
propagates inwards (Fig. 4.8c, 4.8f) into the interior of the grain, but there are instances 
where patches of magnetite occur in the interior of the grains (Fig. 4.9c). The magnetite is 
distributed randomly within the pyrrhotite with irregular and curved mutual grain 
boundaries, between the two phases. However, there does appear to be some 
crystallographic control as evidenced by planar boundaries between magnetite and 
pyrrhotite among many different grains, suggesting that alteration has occurred along 
specific crystallographic planes in the pyrrhotite (Figs. 4.8f, 4.9f). The extent of alteration 
appears independent of the grain size with all grain sizes showing a variety of degrees of 
alteration. More significant is the extent of alteration experienced by the population of 
sulfide grains within a given meteorite sample; the least-altered meteorites contain no or 
only small, sometimes micron-sized, patches of magnetite, whereas the most-altered 
samples contain some grains with near complete replacement of pyrrhotite by magnetite. 
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Figure 4.8. BSE images of two PPI alt mgt grains from CM chondrites depicting (a) the 
textural context of the grain in a type IIA chondrule rim in QUE 97990, (b) image of the 
less-altered grain, (c) higher magnification image of the less-altered grain, (d) the textural 
context of the grain in the matrix of Murchison, (e) image of the more-altered grain, and 
(f) higher magnification image of the more-altered grain. These two grains show the 
extremes in degree of alteration with (b,c) only having micron-sized patches of magnetite 
often along cracks and (e,f) having large portions of the pyrrhotite grain replaced by 
magnetite. (e) shows that pentlandite is resistant to the alteration and shows no evidence 
of replacement even when po is heavily replaced by magnetite. po = pyrrhotite, pn = 
pentlandite, mgt = magnetite. 
The extent of alteration varies more in the more-altered samples. From grain to grain in 
the same meteorite sample, there is a high degree of variability in the extent of alteration, 
with some grains containing just patches and others, even in the same chondrule, 
containing large swathes of magnetite. 
 The styles of alteration are distinct between the PPI alt mgt grains of the CM and 
CR chondrites. This is reflected in the textures of the alteration product (i.e., magnetite), 
as well as the reaction fronts as observed on both the SEM and TEM. In the more-altered 
grains of CMs Murchison and Murray (Figs. 4.8e, 4.10c), BSE images reveal two 
different textures of magnetite within single PPI alt grains: 1) a mottled texture with a 
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Figure 4.9. BSE images of two PPI alt mgt grains from CR chondrites depicting (a) the 
textural context of the grain in a type IIA chondrule in EET 92042, (b) image of the less-
altered grain, (c) higher magnification image of the less-altered grain, (d) the textural 
context of the grain in a type IIA chondrule in Renazzo, (e) image of the less-altered 
grain, and (f) higher magnification image of the less-altered grain. These grains show the 
extremes in degree of alteration with (b,c) only having micron-sized patches of magnetite 
and (e,f) having large portions of the pyrrhotite replaced with magnetite. (e) shows that 
pentlandite is resistant to the alteration. Circular pits in (d), indicated by the yellow 
arrows, are laser ablation pits. po = pyrrhotite, pn = pentlandite, mgt = magnetite. 
granular or grainy appearance, and 2) a smooth texture with pores ranging in size from 
less than one to several microns in diameter. Pentlandite is largely resistant to alteration 
and is present as remnant lamellae and as larger grains, particularly on the periphery of 
the sulfide grains, often retaining well-developed facets (Fig. 4.9e). The smooth textural 
type of magnetite is not present in the CR chondrites studied, even in the most highly-
altered grains. Instead, BSE images reveal a mottled texture similar to that observed in 
CM chondrites with the additional presence of numerous submicron-sized pores (Fig. 
4.8f, 4.11c). 
Transmission electron microscope studies were performed on FIB sections 
extracted from two different PPI alt mgt grains: 1) a grain with both mottled and smooth 
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textured magnetite from CM Murray (Fig. 4.10) and 2) a grain with only mottled textured 
magnetite from CR Renazzo (Fig. 4.11). In the CM Murray section, the magnetite is 
composed of numerous crystals with varying crystallographic orientations as is the 
pyrrhotite from which it formed. In the CR Renazzo section, the magnetite is fine-grained 
polycrystalline in form. The HAADF images reveal more details about these various 
textures of magnetite. The granular or grainy appearance of the mottled magnetite in CM 
Murray is the result of the presence of interconnected nanoscale pores, as well as 
circular- or worm-shaped inclusions (Fig. 4.10e), whereas the mottled magnetite’s 
appearance in CR Renazzo is due to the presence of mostly unconnected nanoscale pores 
(Fig. 4.11g). Additionally, the mottled magnetite in CR Renazzo contains rod-shaped 
inclusions with Fe+O+S+minor Si according to TEM EDS analyses (Fig. 4.11f).  
We used HAADF images to measure the dimensions of the pores in the two FIB 
samples among the three textural types (CM mottled, CM smooth, and CR mottled). 
Ellipses were fitted to the pores, yielding the results summarized in Table 4.4. These data 
show that the pores in the mottled magnetite of both CM and CR chondrites have similar 
sizes. The porosity in the smooth magnetite of CM chondrites is distinctly larger. The 
pores in the smooth textured magnetite from CM Murray are larger, more linear, and are 
often aligned parallel to (100)mpo and (111)mgt indicating crystallographic control (Fig. 
4.10d). The larger size and lack of interconnectivity between the pores in the smooth 
magnetite is likely a result of textural equilibration resulting from the large interfacial 
energy associated with pores. In this scenario, the smaller pores in the mottled texture 
underwent a form of Ostwald ripening resulting in the formation of the larger pores in the 
smooth texture (Ruiz-Agudo et al., 2014).  
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Crystallographic control, observed on the SEM, is even more evident at the TEM 
scale, as evidenced by the interfaces between both the mottled and smooth magnetite and 
the pyrrhotite in both FIB sections. In CM Murray, the pyrrhotite and magnetite are 
oriented with [100]mpo//[1ത11ത]mgt (Fig. 4.10d). In CR Renazzo, the magnetite is largely 
polycrystalline and shows no orientation relationship with adjacent pyrrhotite. While 
pentlandite lamellae are clearly resistant to alteration in comparison to pyrrhotite, 
pentlandite rods only appear to survive in the smooth magnetite in CM Murray; none are 
visible in the mottled magnetite of CM Murray or CR Renazzo.  
The characteristics of the interfaces differ between the different textural types of 
magnetite (i.e., mottled versus smooth), as well as the different meteorite groups (i.e., 
CM Murray versus CR Renazzo). In the smooth magnetite in CM Murray, magnetite is in 
direct contact with pyrrhotite and pentlandite, with a sharp interface between the oxide 
and pentlandite (Fig. 4.10f); the mottled magnetite in CR Renazzo shows a similar 
relationship (Fig. 4.11e). However, the mottled magnetite of CM Murray is different, 
with distinct gaps between magnetite and the sulfide phases (Fig. 4.10e). Additionally, in 
CM Murray, there are flames that propagate from magnetite-pyrrhotite boundaries, for 
both the mottled and smooth textures, into the pyrrhotite. This flame-like texture is 
similar to what was observed in the 3P grains in CM chondrites. 
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Figure 4.10. SEM- and TEM-scale images of a PPI alt mgt grain with pyrrhotite altering 
to magnetite located in the matrix of CM Murray. BSE images depicting (a) the textural 
context of the grain, (b) the grain itself along with the location of the FIB section 
extraction, and (c) a high magnification image of the grain. (d) HAADF STEM mosaic of 
the FIB section with SAED patterns showing orientation relationships of po, mgt, and 
pores. High magnification HAADF STEM images depicting (e) the mottled magnetite 
texture with inclusions (indicated by yellow arrows), and (f) the smooth magnetite 
texture. Note the flame textures at pyrrhotite-magnetite interfaces, the difference in pore 
shape and size between the smooth and mottled textures, and the gaps between the sulfide 
phases and mottled magnetite. po = pyrrhotite, pn = pentlandite, mgt = magnetite. 
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Figure 4.11. SEM- and TEM-scale images of a PPI alt mgt grain with pyrrhotite altering 
to magnetite located in a type IIA chondrule in CR Renazzo. BSE images showing (a) the 
textural context of the grain, (b) the grain itself along with the location of the FIB section 
extraction, and (c) a high magnification image of the grain. (d) HAADF STEM mosaic of 
the FIB section. High magnification HAADF STEM images depicting (e) the sulfide-
oxide interfaces, (f) rod inclusions in the magnetite (indicated by yellow arrows), and (g) 
the mottled magnetite texture. po = pyrrhotite, pn = pentlandite, mgt = magnetite. 
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Table 4.4. Ranges and averages of the semi-minor and semi-major axes of pores in CM 
mottled, CM smooth, and CR mottled magnetite in PPI alt mgt grains from HAADF 
images of FIB sections 
Axis Measurement CM  CR Mottled Smooth  Mottled 
Semi-minor Range (nm) 1.8−78 2.2−303  2.3−100 Average (nm) 12.4 25.2  13.2 
Semi-major Range (nm) 2.1−152 2.6−614  2.6−234 Average (nm) 25.9 56  25.2 
 
Pyrrhotite-pentlandite intergrowth altered to phyllosilicates (PPI alt phy) grains 
The PPI alt grains with pyrrhotite altering to phyllosilicates are limited to CM 
chondrites, specifically the more-altered samples (Murchison, Murray, and Mighei). The 
most-altered sample studied, Mighei, has the highest proportion of PPI alt grains altering 
to phyllosilicates. With the exception of QUE 97990, they occur in the same samples as 
both the 3P grains and the PPI alt mgt grains. The PPI alt phy, 3P, and PPI alt mgt grains 
are, in most cases, millimeters apart in the matrix. Similar to the other textural types, the 
PPI alt phy grains were observed in type IIA chondrules and as isolated grains in the 
matrix, varying in size from 20 µm to 60 µm.  
The less-altered grains only have small regions (tens of microns) of 
phyllosilicates which often make elongate embayments into the adjacent pyrrhotite (Fig. 
4.12b−c), while in the more-altered grains pyrrhotite has completely altered to 
phyllosilicates, leaving just pentlandite remnants, especially along grain boundaries (Fig. 
4.12h−i). Alteration begins along grain boundaries, cracks, and at pyrrhotite-pentlandite 
interfaces and propagates inwards or away from these features (Fig. 4.12c, 4.12f). There 
is sometimes strong crystallographic control in the alteration of pyrrhotite to 
phyllosilicates, as evidenced by planar boundaries in the pyrrhotite, especially in the less-
altered grains (Fig. 4.12c, 4.12f). Unlike the PPI alt mgt grains, the extent of alteration 
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appears to be linked to the grain size; larger grains show less alteration and smaller grains 
tend to be completely altered. From grain to grain in the same meteorite sample, there is 
less variability in the extent of alteration compared to the PPI alt mgt grains.  
 
Figure 4.12. BSE images of PPI alt grains with pyrrhotite altering to phyllosilicates 
located in the matrices of CMs (a−c) Mighei, (d−f) Murchison, and (g−i) Murray 
showing (a,d,g) the textural context of the grain, (b,e,h) the grain itself, and (c,f,i) a high 
magnification image of the grain. In all three grains, pyrrhotite has been replaced by 
fibrous phyllosilicates with pentlandite resistant to the alteration and occurring as a relict 
phase. The grains vary in degree of alteration from (b) limited to (e) extensive amounts of 
pyrrhotite replacement to (h) complete replacement of pyrrhotite by phyllosilicates. The 
replacement appears to be crystallographically controlled, strongly in (b). po = pyrrhotite, 
pn = pentlandite, phy = phyllosilicates. 
 
 223 
 
Many of these grains in Mighei show crystallographically-oriented, elongate 
embayments, which are filled with the phyllosilicate phases (Fig. 4.12b−c). These 
embayments extend for significant distances into the interior of the grain and result in the 
formation of thin lamellae of remnant pyrrhotite. The style of alteration is very distinct 
from the replacement of pyrrhotite by magnetite. Brearley (2011) performed TEM 
analyses on these grains in a sample of Mighei and determined that pyrrhotite was 
altering to an oxysulfide phase and an Fe oxide phase. Brearley also noted that 
pentlandite appeared more resistant to alteration, consistent with our observations. 
Sulfide-Rimmed Metal Altered (SRM alt) Grains 
 The final group of altered primary sulfide grains are the sulfide-rimmed metal 
altered (SRM alt) grains. These grains are characterized by an Fe,Ni metal core rimmed 
by pyrrhotite, often containing pentlandite exsolution textures, with pyrrhotite altering to 
magnetite and/or Fe,Ni metal altering to multiple different phases on a grain-by-grain 
basis. These phases include magnetite, tochilinite (6Fe0.9S•5(Mg,Fe2+)(OH)2), or carbides 
such as cohenite (Fe3C). The SRM alt grains are present as isolated grains in the matrices 
of CM chondrites and in type II chondrules, usually along the chondrule rims, in CR 
chondrites. 
In CM chondrites, SRM grains are relatively rare. Figure 4.13 illustrates examples 
from the least-altered CM sample studied, QUE 97990, to the more highly-altered 
Murray. The degrees of alteration of the SRM grains reflect the degrees of alteration of 
the meteorite samples. The SRM alt grain located in the least-altered CM chondrite 
studied, QUE 97990, only contains partial alteration of Fe,Ni metal, whereas the SRM alt 
grain located in the more-altered CM Murray shows complete replacement of the  
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Figure 4.13. BSE images of SRM alt grains located in matrices of CMs (a−c) QUE 
97990 and (d−f) Murray illustrating (a,d) the textural context of the grain, (b,e) the grain 
itself along with the location of the FIB section extraction, and (c,f) a high magnification 
image of the grain. The SRM alt grain in (b−c) is weakly altered since it still contains 
unaltered kamacite, while the example in (e−f) has experienced complete alteration of the 
kamacite. The metal in both grains has been altered to a tochilinite-like phase. The more-
altered grain also contains eskolaite and a Ni, Cr, P-rich region (P-rich sulfides?) 
indicated by the yellow arrows in (f). The sulfide rims are unaltered granular aggregates 
of pyrrhotite. po = pyrrhotite, m = Fe,Ni metal, toch = tochilinite, esk = eskolaite. 
 
precursor Fe,Ni metal, as determined using textural characteristics, to a phase containing 
S, Fe, Ni, Si, Cr, Si, and O based on EDS analysis. This could potentially be tochilinite 
with small inclusions of eskolaite (Cr2O3) (Fig. 4.13f), especially given previous work 
detailing the characteristics and processes of metal replacement in CM chondrites by 
tochilinite-cronstedtite intergrowths (Tomeoka and Buseck, 1985) or tochilinite+P-
bearing sulfides+eskolaite+schreibersite assemblages (Palmer and Lauretta, 2011). The 
SRM alt grains in Figure 4.13 are very similar to the altered kamacite grains described by 
Palmer and Lauretta (2011). The pyrrhotite in these SRM alt grains shows no evidence of 
alteration occurring and is granular in texture with individual grains a few microns in size  
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with equant subhedral to anhedral shapes.  
Figure 4.14 illustrates EDS X-ray maps of the same SRM alt grain from CM 
Murray in Figure 4.13d−f. It shows interesting compositional banding (indicated by the 
yellow arrows in the RGB X-ray maps) near the boundary between the tochilinite-like 
phase and the sulfide. This region is rich in Ni, S, P, and Cr. It is likely composed of the 
P-rich sulfides observed in previous studies of CM chondrites (e.g., Devouard and 
Buseck, 1997; Nazarov et al., 2009) and is the result of the alteration of Fe-metal to 
tochilinite. The high concentration of these elements suggests that the tochilinite-like 
phase was originally Fe,Ni metal. As alteration to tochilinite occurs, incompatible  
Figure 4.14. SEM EDS RGB X-ray maps of an SRM alt grain from the matrix of CM 
Murray. The color corresponding to a specific element is listed in the lower right-hand 
corner of each map. These RGB X-ray maps show distinct compositional layering 
(indicated by the yellow arrows) at the boundary between the tochilinite-like phase and 
the pyrrhotite. This layer is rich in Ni, S, P, and Cr, but poor in Ca, Fe, and O, suggesting 
that it may be a P-rich sulfide, as described in previous studies (e.g., Nazarov et al., 2009) 
or the result of the alteration of Fe-metal to tochilinite. po = pyrrhotite, toch = tochilinite. 
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elements (such as Ni, P, and Cr) would be rejected from the tochilinite and form other 
phases (i.e., P-rich sulfides, eskolaite). 
In CR chondrites, only the most-altered sample studied, Renazzo, was found to 
contain SRM alt grains. Figure 4.15 illustrates BSE images of pyrrhotite altering to 
magnetite, similar to the PPI alt grains, and Fe,Ni metal altering to iron carbide, as 
determined using EDS analyses. Spectra of these portions of the grain only contain Fe, 
Ni, and C peaks, and the C peak is the only one which shows variation between the 
different portions. There are at least two different iron carbides, the darker containing a 
higher proportion of C. The sulfide rim of the grain contains both pyrrhotite and fine-
scale pentlandite exsolution textures (Fig. 4.15c). The pyrrhotite is altering to magnetite 
with a mottled texture similar to that observed in the PPI alt mgt grains that also occur in 
Renazzo. The magnetite occurs as patches from <1 up to 10 µm in width. They are 
randomly distributed in the pyrrhotite occurring near the pyrrhotite-matrix boundary, the 
pyrrhotite-metal boundary, and in the interior of the pyrrhotite, but with some 
crystallographic control. The metal in the SRM alt grain is nearly completely replaced 
with the iron carbide, with the remnant kamacite occurring along the metal-pyrrhotite 
boundary. Alteration to iron carbide appears to preferentially occur in the interior of the 
metal grain (Fig. 4.15b−c) and is not crystallographically controlled as evidenced by the 
irregular, curved interfaces between the metal and the iron carbide and between one iron 
carbide and the other. Instead, the alteration front follows the grain shape. The kamacite, 
light gray iron carbide, and dark gray iron carbide form concentric ellipses following this 
grain shape the kamacite nearest to the metal-pyrrhotite boundary, the lighter gray iron 
carbide in contact with the kamacite, and the darker gray one in the core of the grain.  
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Texturally, the iron carbides are smooth on the SEM scale. 
 
Figure 4.15. BSE images of an SRM alt grain located on the rim of a type IIA chondrule 
in CR Renazzo depicting (a) the textural context of the grain, (b) the grain itself, and (c) a 
high magnification image of the grain. Pyrrhotite is altering to magnetite, and metal is 
altering to iron carbide. Note the two different iron carbides in (c). The darker phase 
contains more C than the lighter one as determined with EDS. po = pyrrhotite, pn = 
pentlandite, m = Fe,Ni metal, mgt = magnetite, ic = iron carbide. 
 
 228 
 
Transmission electron microscope studies were performed on a FIB section 
extracted from an SRM alt grain in Renazzo with kamacite appearing to alter to 
magnetite and iron carbide on the SEM scale (Fig. 4.16b−c). The SAED patterns confirm 
the identification of the Fe oxide as magnetite though it is fine-grained polycrystalline in 
form. The sulfide portion of the grain, with pyrrhotite altering to mottled texture 
magnetite, is similar to the SRM alt grain of Figure 4.15. Unlike the previous grain, 
however, this SRM alt grain has kamacite altering to magnetite, which formed at the 
metal-pyrrhotite boundaries and propagated inward with lobate-like features that are 
interconnected. Despite being polycrystalline, the magnetite has a smooth texture with 
cracks a few microns in size. The grain also appears to contain a patch of iron carbide in 
the interior portion of the remaining kamacite.  
The HAADF images reveal a sharp boundary between the Fe,Ni metal and the 
magnetite (Fig. 4.16d−f). The magnetite in the SRM alt grain does not exhibit porosity 
but can show cracks, unlike magnetite produced by the alteration of pyrrhotite in PPI alt 
grains. Figure 4.16f illustrates cracks which appear oriented perpendicular to the metal-
magnetite interface. The metal grains consist of subgrains a few microns in size with 
different orientations. Surprisingly, the iron carbide that was visible on the SEM was 
absent from the FIB section. The TEM-EDS analyses of the kamacite portion of the 
section reveal areas of higher C content near where the iron carbide was expected to be 
(the top center of the FIB section), but there does not appear to be any textural evidence 
for the phase in the HAADF images. 
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Figure 4.16. SEM- and TEM-scale images of an SRM alt grain located on the rim of a 
hole (formerly a type IIA chondrule?) in CR Renazzo. BSE images showing (a) the 
textural context of the grain, (b) the grain itself along with the location of the FIB section 
extraction, and (c) a high magnification image of the grain. (d) HAADF STEM mosaic of 
the FIB section. High magnification HAADF STEM images showing (e) the subgrains of 
magnetite, (e,f) the sharp boundary between the metal and magnetite, and (f) the presence 
of cracks oriented perpendicular to the boundary metal-magnetite boundary. po = 
pyrrhotite, pn = pentlandite, mgt = magnetite, m = Fe,Ni metal, ic = iron carbide. 
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Discussion 
We have observed different textural groups of altered primary iron sulfides in CM 
and CR chondrites which provide evidence of different styles of replacement. As 
mentioned in the Results section, we define “altered” grains as those containing, visible 
on the SEM scale, pores, reaction fronts, embayment of the grains, and/or replacement of 
primary phases. The 3P grains are characterized by porosity and alteration of primary 
pyrrhotite to secondary pentlandite, the PPI alt grains by alteration of primary pyrrhotite 
to porous magnetite or fibrous phyllosilicates, and the SRM alt grains by alteration of 
primary kamacite to fractured magnetite, tochilinite, and/or iron carbides and alteration of 
primary pyrrhotite to porous magnetite. In all cases, primary pentlandite was resistant to 
alteration. In the following discussion, we examine where this alteration occurred (i.e., 
terrestrial or preterrestrial), the mechanisms of the alteration of these grains, and 
environmental conditions for the alteration.  
Terrestrial versus Preterrestrial Alteration 
Several lines of evidence demonstrate that the aqueous alteration resulting in the 
formation of the altered primary sulfide grains occurred on asteroidal parent bodies and is 
not the result of terrestrial alteration. If this alteration is the result of interaction with a 
fluid on Earth, we would expect to see a higher proportion of altered grains in meteorite 
finds than in meteorite falls that were recovered quickly after they fell. The opposite is 
observed; the finds (QUE 97990, QUE 99177, EET 92042, MET 00426) contain few 
altered primary grains, while the falls (Murchison, Murray, Mighei, Renazzo) contain 
abundant 3P, PPI alt, and SRM alt grains. In fact, the most heavily-altered meteorites in 
both CM and CR chondrites are falls. Additionally, we observed that an increase in the 
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modal abundance of the altered primary grains is correlated with an increase in the degree 
of alteration of the bulk meteorite sample that hosts the grains (Fig. 4.17).  
 
Figure 4.17. Bar plot illustrating the relative proportions of unaltered (reds) and altered 
(blues) primary sulfides in the CM and CR chondrites. Samples are listed in order of 
increasing alteration of the bulk sample moving from left to right. Note the increase in 
altered grains in both groups with increasing alteration of the sample. 
The common alteration phases that form on Earth; goethite (FeO(OH)) and 
maghemite (Fe2O3) rather than magnetite (Rubin, 1997; Cadogan and Devlin, 2012; 
Harju et al., 2014); were not observed in our altered primary grains. Of significance for 
this study, is the observation that there is very little evidence for weathering of troilite in 
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Antarctic meteorite finds (Lee and Bland, 2004). Collectively, these lines of evidence 
demonstrate that alteration of primary sulfides did not occur within a terrestrial 
environment but, rather, are the result of preterrestrial parent body processes. The 
different textural groups therefore provide information on the mechanisms and conditions 
of asteroidal aqueous alteration. 
Alteration Mechanisms 
Porous pyrrhotite-pentlandite (3P) grains 
Prior to aqueous alteration, the 3P grains were PPI grains with distinct pyrrhotite-
pentlandite exsolution textures with bulk compositions reflecting the proportions of those 
phases. Under certain conditions, as discussed in detail below, the pyrrhotite became 
unstable and dissolved, forming the pores, and altered into secondary pentlandite. 
Porosity is also observed in terrestrial sulfides (pyrrhotite-pentlandite grains with 
pentlandite altering to violarite) that have experienced dissolution during aqueous 
alteration (e.g., Tenailleau et al., 2006). The primary pentlandite, on the other hand, was 
resistant to alteration under these conditions and remained unaltered. Grains that 
experienced less alteration still retain primary pyrrhotite and have smaller proportions of 
regions of porous, secondary pentlandite (e.g., Fig. 4.2b−c, Fig. 4.5). Grains that 
experienced more alteration only retain submicron-scale pyrrhotite and are dominated by 
porous, secondary pentlandite (Fig. 4.2d−e, Fig. 4.6). Figure 4.18 summarizes, 
graphically, the alteration reaction for the formation of the 3P grains from the PPI grains. 
Compositionally, the alteration of the pyrrhotite resulted in grains with pentlandite-like 
bulk compositions, since the pyrrhotite progressively altered to a secondary pentlandite 
while also retaining the primary pentlandite. Additionally, primary and secondary 
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pentlandite are compositionally distinct in terms of Co and Ni; secondary pentlandite has 
higher Co/Ni weight ratios than its primary counterpart (Fig. 4.3b). The 
crystallographically-controlled porosity sheds further light on the dissolution of 
pyrrhotite. Pores formed at high free energy surfaces such as boundaries between phases 
(pyrrhotite and pentlandite). Additionally, the pores are most often oriented parallel to 
either (111)mpo, (110)mpo, or (111)pn. These are planes of relatively high density packing 
of S and Fe atoms in pyrrhotite and low density packing of S, Fe, and Ni atoms in 
pentlandite (Fig. 4.19). The formation of the pores by dissolution along these planes 
within pyrrhotite is consistent with the fact that these planes contain abundant atoms as 
dissolution operates by the removal of material from its host. 
 
Figure 4.18. Schematic diagram representing the stages of alteration of PPI grains to 
form the 3P grains in CM2 chondrites. (a) PPI grain is stable prior to alteration having 
originally formed in the solar nebula from crystallization of sulfide melts during 
chondrule formation. (b) Changes in environmental conditions (pH, fO2, iron activity, 
etc.) cause dissolution of po forming numerous submicron pores. The dissolution of po in 
addition to the introduction of Ni2+(aq) causes remaining, adjacent po to transform into 
2pn. Po = pyrrhotite, 1pn = primary pentlandite, 2pn = secondary pentlandite. 
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Figure 4.19. Space-filling models of the mineral structures of monoclinic pyrrhotite 
(mpo) and pentlandite (pn) from Crystal Maker® showing the planes along which pores 
form in the 3P grains. The left-hand images show all atoms in the unit cell, whereas the 
right-hand images show only the atoms that lie in the plane of interest. The [111]mpo and 
[110]mpo contain high densities of Fe and S atoms; the [111]pn only contains Fe or Ni 
atoms in low abundance. 
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Volume calculations allow us to determine if the transformation of pyrrhotite into 
secondary pentlandite alone is enough to account for the observed porosity, or if 
dissolution was also required. Following the method of Velbel (2014), who performed 
calculations to determine the volume change for the serpentinization of olivine in CM 
chondrite chondrules, we have calculated the molar volume change of the pyrrhotite to 
pentlandite reaction. Equation 1 is one potential viable reaction for pyrrhotite altering to 
secondary pentlandite. Note that the Fe in pyrrhotite is both ferric and ferrous, but in 
pentlandite it is only ferrous. This requires the reduction of Fe3+ to form Fe2+ hence the 
Fe2+ (aq) present in the products of the reaction. 
8ሺܨ݁, ܰ݅ሻଵି௫ܵሺݏሻ ൅ ܰ݅ଶାሺܽݍሻ ൌ ሺܨ݁, ܰ݅ሻଽ଼ܵሺݏሻ ൅ ܨ݁ଶାሺܽݍሻ (1) 
For an isovolumetric reaction, the volume of the products (secondary pentlandite 
+ pores) must equal the volume of the reactants (pyrrhotite). The molar volume of 
pentlandite at 25°C and 1 bar is 159.60 cm3 (Robie et al., 1966). The molar volume of 
pyrrhotite varies depending on the amount of Fe deficiency in its structure from 18.20 
cm3 for troilite (FeS) to 17.58 cm3 for Fe-deficient pyrrhotite (Fe0.877S) (Robie et al., 
1995). Although the pyrrhotite in the samples studied is closer to troilite, we have 
calculated the volume change for the reaction using both troilite and pyrrhotite, as the 
reactant phases. Based on the stoichiometry of the reaction in Equation 1, the total molar 
volume of pyrrhotite is 145.6 cm3 for FeS or 140.64 cm3 for Fe0.877S, and 159.60 cm3 for 
the total molar volume of pentlandite formed in the reaction. This corresponds to a 
volume increase ranging from 9.6 to 13.5 vol. % in the solid phases. From porosity 
calculations, as described in the methods section, we determined that the 3P grain in 
Mighei from which we extracted a FIB section contains a porosity of 2.7 vol. %. This 
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disagrees with the theoretical, calculated volume reduction based on the dissolution 
reaction (Equation 1), indicating the reaction is not isovolumetric. However, alteration is 
complex with numerous complicating factors. Putnis (2002) argues that a replacement 
reaction can display lower or higher porosity than is predicted based solely on the molar 
volumes of the solid phases involved. This is because the formation of pores is controlled 
by the solubilities and compositions of the solids as well as the fluid phases, which in 
turn determines the dissolution-precipitation rates, as well as the molar volume change of 
the reaction.  
The flame texture noted in the less-altered 3P grain of QUE 97990 also provides 
further information on alteration. The texture occurs in the central regions of pyrrhotite 
and does not form at phase boundaries, such as the pyrrhotite-pentlandite interface. It is 
likely a primary, low temperature exsolution texture similar to the one involving 
pyrrhotite and troilite observed by Brearley and Martinez (2010) in CM TIL 91772, since 
the more-altered 3P grain from Mighei does not contain flames. If this texture is indeed 
primary, it puts constraints on the maximum temperature of aqueous alteration 
experienced by QUE 97990; pyrrhotite-troilite exsolution only occurs at temperatures 
below 140°C (Arnold, 1966; Yund and Hall, 1968).  
Pyrrhotite-pentlandite intergrowth altered (PPI alt) grains 
Prior to aqueous alteration, the PPI alt grains were also PPI grains with varying 
proportions of pyrrhotite and exsolved pentlandite that are a function of the bulk 
composition of the original monosulfide solid solution and the degree of exsolution. 
Interaction with fluids during aqueous alteration caused the oxidation of pyrrhotite to 
form magnetite, as a pseudomorphic replacement product. The replacement front between 
 237 
 
magnetite and pyrrhotite is characterized by a flame texture, possibly an intergrowth of 
pyrrhotite and troilite, within the pyrrhotite. However, in the PPI alt grains this is a 
secondary feature making it distinct from the flame textures observed in the 3P grains 
which are primary. The presence of the interface itself may drive nucleation of the 
pyrrhotite-troilite exsolution. The alteration of pyrrhotite to magnetite may create a high-
energy interface where troilite can nucleate within the pyrrhotite.  
The replacement of pyrrhotite by magnetite clearly involves oxidation. Previous 
studies detailing pyrrhotite oxidation predominantly come from terrestrial studies of acid 
mine drainage and so are for acidic conditions (Blowes et al., 2014) rather than the 
alkaline conditions expected for CM and CR chondrites. Pyrrhotite oxidation that occurs 
by oxidative dissolution (Equation 2), produces sulfates and hydrated iron oxides (Janzen 
et al., 2000; Belzile et al., 2004) rather than magnetite which implies that oxidative 
dissolution is not the process responsible for the formation of the PPI alt mgt grains.  
ܨ݁ଵି௫ܵሺݏሻ ൅ ቀ2 െ ଵଶ ݔቁܱଶሺܽݍሻ ൅ ݔܪଶܱሺ݈ሻ ൌ ሺ1 െ ݔሻܨ݁ଶାሺܽݍሻ ൅ ܵ ସܱଶିሺܽݍሻ ൅ 2ݔܪାሺܽݍሻ				(2) 
 Instead, the PPI alt mgt grains are the product of the direct replacement of 
pyrrhotite to magnetite without dissolution. Pyrrhotite altering to magnetite occurs by 
pseudomorphic replacement, defined as the replacement of one mineral by another 
chemically or structurally different mineral by coupled dissolution-reprecipitation 
(Putnis, 2002; Putnis & Austrheim, 2012). The terrestrial study by Li et al. (2004) of the 
replacement of sulfides in the UG2 and Merensky Reef of the Bushveld Complex in 
South Africa acts as an appropriate proxy. Li et al. (2004) found evidence of the 
replacement of magmatic iron sulfides (pyrrhotite, pentlandite, and chalcopyrite) by 
several secondary phases, one of which is magnetite (their Fig. 3f). Equation 3 is adapted 
 238 
 
from their work and is the most realistic reaction for pyrrhotite replacement by magnetite, 
given that HS- is the stable S species over the ranges of pH and fO2 conditions that are 
relevant to CM chondrites (Fig. 4.20). Alteration of the CM chondrites has been 
constrained to have occurred at moderately alkaline conditions (pH 7 to 12; Zolensky et 
al., 1989) and at fO2 values less than those required to stabilize hematite, since it is not 
observed in any CM chondrite. Even so, changing the S-ion species (i.e., at lower or very 
high pH values) would still preserve the pyrrhotite to magnetite ratio of the reaction, 
since it is governed solely by the amount of Fe. 
3ܨ݁ଵି௫ܵሺݏሻ ൅ 4ܪଶܱሺ݈ሻ ൌ ܨ݁ଷ ସܱሺݏሻ ൅ 3ܪܵିሺܽݍሻ ൅ 5ܪାሺܽݍሻ ൅ 2݁ିሺܽݍሻ (3) 
This reaction requires the release of S from the system. The breakdown of pyrrhotite 
could have contributed some of the S that is necessary to form the tochilinite present in 
the matrices and chondrules of CM chondrites (Tomeoka and Buseck, 1985; Hanowski 
and Brearley, 1996; Chizmadia and Brearley, 2008) and some CR chondrites (Le Guillou 
and Brearley, 2014). However, the presence of abundant tochilinite in the least-altered 
meteorites, which contain minimal alteration of pyrrhotite to magnetite, is inconsistent 
with this hypothesis. Alternatively, the S could potentially form the small amounts of 
sulfate observed in at least the CM chondrites (Airieau et al., 2005), but as Figure 4.20 
shows, sulfate only forms under very oxidizing conditions (log fO2 >-70 at pH 7 to log 
fO2 >-73 at pH 14) inconsistent with the formation of magnetite. The presence of 
magnetite within PPI grains in all studied samples implies that oxidation of pyrrhotite 
was a widespread process during aqueous alteration of the moderately-altered CM and 
CR chondrites. The alteration of pyrrhotite to magnetite is consistent both with the 
observed increase in modal abundance of magnetite and the increase in oxidation state of 
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iron in the bulk meteorite with degree of alteration of the sample (Howard et al., 2009, 
2011; Beck et al., 2012). Figure 4.21 summarizes, graphically, the alteration reaction for 
the formation of the PPI alt mgt grains from the PPI grains. 
 
Figure 4.20. LogfO2 versus pH diagram, calculated using the Geochemist’s 
Workbench®, for pyrrhotite interacting with Fe2+-bearing aqueous fluid at T = 25°C and 
aFe2+ = 10-8 (black lines and text) and for sulfur ion species in aqueous solution at T = 
25°C and aSO42- = 10-6 (red lines and text). Moving from the pyrrhotite stability field to 
the magnetite field requires an increase in fO2. The most likely sulfur species in aqueous 
solutions in association with CM chondrites are those stable at moderately alkaline pH (7 
to 12) and at fO2 less than the hematite stability field. This is dominantly HS- though 
SO42- is also a possibility. 
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Figure 4.21. Schematic diagram representing the stages of alteration of PPI grains to 
form the PPI alt mgt grains in CM2 and CR2 chondrites. (a) PPI grain is stable prior to 
alteration having originally formed in the solar nebula from crystallization of sulfide 
melts during chondrule formation. (b) Changes in environmental conditions (fO2) cause 
pseudomorphic replacement of po by mgt. (c) This reaction continues with more mgt 
forming at the expense of po with pn resistnant to the alteration. Po = pyrrhotite, 1pn = 
primary pentlandite, mgt = magnetite. 
As for the case of pyrrhotite replacement by pentlandite, we have determined if 
the magnetite replacement reaction is isovolumetric, assuming that the volume of the 
products (magnetite + pores) must equal the volume of the reactants (pyrrhotite). Taking 
only the solid phases into account, Fe is neither lost nor gained in the reaction, while this 
is not true for S or O. The molar volumes, at 25°C and 1 bar, of phases present in the 
reaction are 44.524 cm3 for magnetite and the same as discussed in the previous section 
for pyrrhotite (18.20 cm3 for troilite, 17.58 cm3 for Fe0.877S again including both end-
members for the calculations) (Robie et al., 1995). Based on the stoichiometry of the 
reaction in Equation 3, the total volume of pyrrhotite is 54.6 cm3 for FeS or 52.74 cm3 for 
Fe0.877S, while magnetite’s total volume is 44.5 cm3. This corresponds to a volume 
reduction ranging from 15.6 to 18.5 vol. % in the solid phases, that will be reflected as 
porosity if the reaction is isovolumetric and has gone to completion. This reaction is 
idealized and does not consider Ni in the pyrrhotite structure, which, like S, is completely  
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lost from the pyrrhotite during the transformation to magnetite.  
From porosity calculations, as described in the methods section, we determined 
the percent porosity for several PPI alt grains from CMs QUE 97990, Murray, and 
Murchison and CR Renazzo. Table 4.5 lists the resulting percentages of porosity, 
magnetite, and remnant pyrrhotite from select PPI alt mgt grains in CM and CR 
chondrites. BSE images were used for most of the grains, but we also used TEM images 
for grains from which we extracted FIB sections as a comparison. We compare the results 
of the two image types below. 
Table 4.5. Percentages of porosity, magnetite, and remnant pyrrhotite for each PPI alt 
mgt grain analyzed with ImageJ for isovolumetric calculations. 
Meteorite 
Group 
Meteorite 
Sample 
Image 
Type Grain 
% 
Porosity 
% 
Mgt 
%  
Remnant Po 
CM 
QUE 97990 BSE C6S4 13 37 63 
Murchison BSE 
S22 11 72 28 
S16 12 95 5 
S20 14 98 2 
Average 13 88 12 
Murray 
BSE 
C1S1 17 61 39 
S3 11 83 17 
C8S1 18 91 9 
S5 10 91 9 
S1 14 92 8 
S8 8 98 2 
Average 13 86 14 
TEM S1_mt 13 92 8 
S1_sm 21 92 8 
CR Renazzo 
BSE 
S2 7 43 57 
C1S2 11 45 55 
C7S2 9 53 47 
Average 9 47 53 
TEM C1S2_mt 3 45 55 
* % porosity, magnetite, and remnant pyrrhotite are volume percentages. Mgt = magnetite, po = pyrrhotite, 
mt = mottled-textured magnetite, sm = smooth-textured magnetite. 
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The percentage of magnetite (inversely correlated with the percentage of remnant 
pyrrhotite) in a grain is a measure of its extent of alteration. Figure 4.22 illustrates that 
the less-altered samples (e.g., QUE 97990) contain a lower percentage of magnetite, 
while the more-altered (e.g., Murray) samples contain a higher percentage of magnetite in 
their PPI alt mgt grains; the extent of alteration of the grain corresponds with the degree 
of alteration of the host meteorite. However, partially-altered grains would not contain 
the theoretical porosity; the porosity would increase with increasing degree of alteration 
converging on the theoretical value at complete replacement. Therefore, we would expect 
only the grains that have been fully replaced to show the theoretical porosity with the 
partially-altered grains showing less porosity. Figure 4.22 illustrates that most of the 
grains are partially altered with porosity less than the theoretical range of 15.6−18.5 vol. 
%.  
More useful than the range of porosity at complete replacement is the trend of the 
theoretical percent porosity as a function of percent magnetite. This is included in Figure 
4.22 as a dotted line. The average values for the samples agree well with the trend, but 
the individual grains themselves deviate from the trend. They fall either above the line, as 
is the case for the grain in QUE 97990, or below the line, as is the case for grains in 
Murchison. Grains in Murray and Renazzo fall both above and below the line. For grains 
that fall above the predicted trend, the higher than expected porosity could be an 
indication that dissolution of the pyrrhotite took place in addition to the oxidation. For 
grains that fall below the predicted trend, the lower than expected porosity could be 
evidence for fluid-induced annealing instigated by a decrease in the temperature of the 
system from its value at the initial pore formation (Ruiz-Agudo et al., 2014). Another 
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potential explanation for porosities that deviate from the theoretical trend comes from the 
work of Putnis (2002), where he argues that a replacement reaction can display porosity 
other than the predicted values, as discussed in the previous section. The TEM data for 
the mottled-textured magnetite in Murray agree well with the theoretical trend, whereas 
the data for the smooth-textured magnetite in Murray and the magnetite in Renazzo differ 
from the theoretical trend. It could be that the volumes used from the FIB sections in the 
smooth-textured magnetite of Murray and the magnetite of Renazzo may not be 
representative of the grain as a whole. 
 
Figure 4.22. Percentage of porosity and magnetite in PPI alt mgt grains from CMs QUE 
97990, Murray, and Murchison and CR Renazzo. For values determined with BSE 
images, individual grains are represented as circles (closed = CMs and open = CRs), 
while average values for a meteorite sample are crosses. Values determined with HAADF 
STEM images, labeled “TEM”, are also included and are represented as squares. For 
Murray TEM, both the smooth (sm) and mottled (mt) textured magnetite values are 
included. Error bars are 1σ. Both the theoretical percent porosity range with complete 
replacement (theoretical % porosity) and the percent porosity as a function of percent 
magnetite (theoretical porosity v. mgt) are shown. The average values agree well with 
this trend, but individual grains, especially in Murray, deviate. 
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Sulfide-rimmed metal altered (SRM alt) grains  
The SRM alt grains in CR chondrites show similar characteristics to the PPI alt 
grains with pyrrhotite altering to magnetite. The SRM alt grains in CR chondrites are also 
the product of pseudomorphic replacement. Both the sulfide and metal portions of the 
grains have experienced replacement, with pyrrhotite being replaced by magnetite and 
kamacite being replaced with magnetite and/or iron carbides. The survival of only a few 
unaltered SRM grains in even the most weakly-altered CM chondrites implies that 
aqueous alteration readily affects these assemblages early on in progressive alteration.  
Several previous works have identified alteration of Fe,Ni metal-sulfide 
assemblages: 1) Harju et al. (2014) noted Fe,Ni metal altering to magnetite in the more-
altered CRs (Al Rais and Renazzo), 2) Krot et al. (1997) observed metal-sulfide nodules 
that were altering to carbide-magnetite assemblages in the type 3 ordinary chondrites 
(OCs), and 3) Scott and Jones (1990) reported metal altering to carbides and sulfide 
altering to magnetite in CO3 ALHA 77307. These studies have discussed these alteration 
effects in considerable detail.  
Krot et al. (1997) have argued that these assemblages formed on the OC parent 
body as a result of carbidization and oxidation, which either occurred simultaneously or 
sequentially with carbidization followed by oxidation by the same gas that had become 
depleted in CO. This explanation involves a gas-solid reaction occurring at temperatures 
<~180°C (Taylor et al., 1981). However, in the case of the CM and CR chondrites, 
aqueous alteration occurred mostly by fluid-solid reactions. In the CR chondrites, the iron 
carbides observed likely formed from interaction with a liquid, rather than a gas, which 
contained carbon. Since carbonaceous chondrites have appreciable amounts of carbon 
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(1.25−4.05 wt. % for CM and CR chondrites; Pearson et al., 2006), mostly present in the 
matrix, a fluid that migrated through the matrix could potentially contain significant 
amounts of C which, when exposed to Fe,Ni metal, would form iron carbides (e.g., 
cohenite, Fe3C), as observed at least in the CR chondrites.  
Alteration Conditions 
 The range in alteration products and textures of primary iron sulfides as seen in 
both the CM and CR chondrites illustrates varying alteration conditions and/or 
mechanisms on both parent bodies. While similarities between the PPI alt mgt grains in 
the CM and CR chondrites imply that similar conditions existed on both parent bodies, 
the presence of the 3P and PPI alt grains even in the same sample of the CM chondrites 
shows that conditions and/or mechanisms differed on a highly-localized scale on a single 
parent body. A number of factors could account for the differences observed between 
these different groups of altered primary sulfide grains. These could include physical 
processes, such as brecciation, which resulted in mixing of material that was altered in 
different locations and under different conditions, probably on the same parent body, as 
well as environmental conditions such as local variations in pH, fO2, fluid composition, 
temperature, pressure, and/or water-rock ratio.  
 The absence or presence of certain secondary mineral phases in aqueously-altered 
materials can provide insight into their environmental conditions of formation, 
particularly if phases are only stable under a specific range of conditions. A diverse suite 
of minerals can form from the alteration of sulfide minerals, depending on environmental 
conditions, including sulfates (e.g., melanterite, FeSO4·7H2O), oxides (e.g., magnetite, 
Fe3O4; hematite, Fe2O3), and FeS2 minerals (e.g., pyrite, marcasite). King and McSween 
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(2005) performed thermodynamic phase equilibria calculations to determine the stability 
fields of a comprehensive suite of Fe minerals, including sulfides in an effort to 
determine the likely conditions for aqueous alteration on Mars, as a function of variables 
such as fO2, aH2O, aH2SO4. The calculations provide a useful framework for evaluating 
the conditions of alteration of sulfides on the CM and CR parent bodies. 
King and McSween (2005) carried out their thermodynamic calculations at 
standard temperature and pressure (T = 25°C, P = 1 bar), conditions that are a good 
approximation for the temperatures and pressures of alteration on the CM and CR parent 
bodies. The ranges of temperatures for alteration of the CM and CR chondrites are 
estimated as 30−80°C and 0−150°C, respectively, based on phase equilibria, carbonate 
oxygen isotope geothermometry, organic geothermometry and textural consideration 
(Zolensky et al., 1993; Clayton and Mayeda, 1999; Guo and Eiler, 2007; Le Guillou and 
Brearley, 2014; Jilly-Rehak et al., 2015).  
Differences in pressures between the standard values and those on asteroidal 
parent bodies are only significant when dealing with pressures greater, not less than, 1 
bar. The thermodynamic data are negligibly affected by pressures lower than 1 bar, as 
only a positive change in volume causes differences in thermodynamic properties. 
Additionally, a pressure of 1 bar is a reasonable approximation for asteroids which 
experienced aqueous alteration. King and McSween (2005) found that pyrrhotite 
(actually troilite due to the lack of thermodynamic data for pyrrhotite) is stable at 
relatively low fO2 and low aH2SO4, a proxy for both acidity and the activity of S-bearing 
aqueous species, and is stable over a range of aH2O (log aH2O -0.3 to 0). Fe2+ in aqueous 
solution is stable over the studied range of fO2 (log fO2 -66 to -63) and aH2SO4 (log 
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aH2SO4 -25 to -10) and is stable at relatively high aH2O. These are the conditions which 
would retain the primary sulfides leaving them unaltered as Figure 4.20 also illustrates. 
Moreover, the primary sulfides in CM and CR chondrites could not have experienced 
conditions, including relatively high fO2 and aH2SO4, for any prolonged amount of time 
where sulfates, FeS2 minerals, and hematite are stable, since none of these phases are 
observed in the alteration products of the primary iron sulfides. Instead, the pyrrhotite 
experienced moderately acidic conditions for the formation of the 3P grains and alkaline 
and moderately oxidizing conditions for the formation of the magnetite in the PPI alt mgt 
and the SRM alt grains. 
The resistance of primary pentlandite to alteration in the CM and CR samples is 
also significant since studies of terrestrial sulfide ore bodies containing pentlandite often 
show alteration to violarite (FeNi2S4) (Misra and Fleet, 1974). Experimental studies of 
the dissolution-reprecipitation reaction between pentlandite and violarite by Xia et al. 
(2009) have constrained the conditions of this reaction to temperatures ranging from 100 
to 210°C and pHs from 1 to 6. The lack of alteration of pentlandite in CM and CR 
chondrites is consistent with the view that alteration of these meteorites occurred under 
more alkaline conditions and lower temperatures than those required to form violarite 
(Zolensky et al., 1989; Zolensky et al., 1993; Clayton and Mayeda, 1999; Guo and Eiler, 
2007; Le Guillou and Brearley, 2014; Jilly-Rehak et al., 2015).  
To examine how changes in environmental conditions could result in dissolution 
of the sulfide or pseudomorphic replacement to magnetite, we calculated the stability 
fields of pyrrhotite relative to other phases in the presence of water using the 
Geochemist’s Workbench® software package. We were unable to include pentlandite in 
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our calculations as the thermodynamic data are not in the Geochemist’s Workbench’s® 
thermodynamic database. Figure 4.23 displays the calculated pH-fO2 equilibrium phase 
diagrams, as a function of temperature, activities of Fe2+ in solution (to examine the 
effects of fluid composition on the phase relations) and activities of H2O (to examine the 
effects of water-rock ratios on the stability fields). The range in temperatures used (25°C 
to 100°C) was chosen to simulate the most likely temperatures for the aqueous alteration 
of the CM and CR chondrites. The calculations do not consider Ni in the pyrrhotite, 
which may increase the stability of pyrrhotite, especially in terms of fO2.  
We define standard conditions as aFe2+ = 10-8, T = 25°C, P = 1 bar, and aH2O = 1. 
Under these conditions, the pyrrhotite stability field ranges in pH from 7 to 14 and in 
logfO2 from -83 to -74. Pyrrhotite becomes unstable if a fluid is introduced, from the 
melting of ice that is more acidic or oxidizing than the initial current conditions under 
which it is stable. Acidic fluids have been theorized to form by the melting of ices 
containing HCl hydrates (Zolotov and Mironenko, 2007). Alternatively, localized 
differences in pH could exist due to specific reactions, such as chondrule glass, which is 
rich in silica, reacting with water to form silicic acid. The oxidizing agent of greatest 
significance in chondrites is water consistent with its prevalence in aqueously-altered 
chondrites (Alexander et al., 2013; Le Guillou and Brearley, 2015).  
A change to more acidic conditions progressively moves the pyrrhotite (e.g., Point 
A) into the aqueous Fe2+ stability field. This process could drive dissolution of pyrrhotite, 
consistent with the dissolution indicated by the porosity in the 3P grains. An increase in 
fO2 drives conditions from the pyrrhotite stability field (e.g., Point B) into the magnetite 
stability field, resulting in the oxidation of pyrrhotite. This scenario could represent how 
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the PPI alt grains transformed to magnetite by pseudomorphic replacement. These 
examples illustrate how only relatively small changes in fO2 and pH are needed to result 
in dissolution or alteration. 
Figure 4.23. LogfO2 versus pH diagram, calculated using the Geochemist’s 
Workbench®, for pyrrhotite interacting with Fe2+-bearing aqueous fluid. Std, indicated 
by the solid lines, refers to standard conditions: aFe2+ = 10-8, T = 25°C, P = 1 bar, aH2O = 
1. Thick dashed lines show changing aFe2+ in aqueous solution, and light dashed lines 
show changing temperature T. Changes in aH2O were very subtle and so are not depicted. 
An increase in aFe2+ expands the solid stability fields to lower pH and sees the Fe(OH)4- 
(aq) field disappear. An increase in T shifts the stability of fields of po, mgt, and hm to 
higher fO2 and lower pH. Points A-D are discussed in the text. Po = pyrrhotite, mgt = 
magnetite, hm = hematite. 
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Alternatively, changes in the fluid composition, represented by the activities of 
certain components in solution, could also result in the formation of at least the 3P grains. 
If the fluid composition changes (e.g., the activity of Fe2+ decreases from 10-6 to 10-8), 
pyrrhotite (e.g., Point C) becomes unstable and now falls in the Fe2+ field. This would 
again be consistent with the dissolution experienced by the 3P grains. As for the PPI alt 
mgt grains, because changes in the activity of Fe2+ only shift the stability fields from left 
to right in the diagram, magnetite is not able to form from pyrrhotite, simply by a change 
in fluid composition. 
Temperature increases alone cannot be responsible for the dissolution of 
pyrrhotite, because the stability field for pyrrhotite expands with increasing temperature. 
At 25°C and aFe2+ = 10-8, the pyrrhotite stability field ranges in pH from 7 to 14 and in 
logfO2 from -84 to -74. With an increase in temperature to 100°C, the pyrrhotite stability 
field shifts upward and slightly to the left of the diagram now ranging in pH from 6 to 14 
and in logfO2 from -64 to -52. Envisioning incremental temperature increases, pyrrhotite 
becomes stable where magnetite, hematite, and aqueous species where stable at lower 
temperatures. In other words, temperature increases actually stabilize pyrrhotite, implying 
that other factors (fO2, pH, or fluid composition) are responsible for the dissolution of 
pyrrhotite.  
Pressure and water-rock ratio have a smaller effect on these stability fields 
compared to the other factors we have considered. Changing the pressure results in a 
change in the stability of liquid water, with pressures less than 1 bar causing the stability 
fields of liquid water to contract so that gases become the stable form at very high (O2) 
and low (H2) fO2. Varying water-rock ratio (i.e., varying aH2O from 1 to 0.5) causes 
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subtle changes in the stability fields, including a very slight shift of the fields to higher 
pH and the disappearance of the Fe(OH)4- (aq) field. In terms of the primary altered 
grains that we have observed, these factors are not as significant as changes in pH, fO2, 
fluid compositions, and temperature. 
 The most likely scenario for the formation of the altered primary sulfides is a 
combination of several of these factors. A change in one parameter is likely to affect 
another. For example, oxidation results in the formation of Fe3+ from Fe2+(aq) which is 
highly insoluble and will cause precipitation of Fe oxide, which will change the activity 
of Fe. Additionally, the dissolution of pyrrhotite in the 3P grains releases Fe2+ and S2- 
ions into solution changing the fluid composition, whereas, Equation 3 shows that 
alteration of pyrrhotite to magnetite produces HS- and H+, which would result in an 
increase in the aS2- in the fluid and a decrease in the pH of the system. This illustrates the 
importance of microchemical environments, localized regions (10s of microns) 
characterized by small differences in conditions (Brearley, 2006), in aqueous alteration.  
Other examples of the effects of microchemical environments on the behavior of 
sulfides have been reported in the literature. For example, Berger et al. (2016) argue that 
fine-scale (i.e., millimeter-scale) heterogeneities in environmental conditions experienced 
by CI chondrites were responsible for the range in alteration histories observed in 
pyrrhotite and pentlandite grains. Palmer & Lauretta (2011) invoke microchemical 
environments to explain the differences they observed in altered kamacite in CM 
chondrites. They argue that in microchemical environments with a high S activity, 
kamacite alters to tochilinite+P-bearing sulfides+eskolaite+schreibersite, whereas in 
microchemical environments with limited S and Si activity, kamacite alters to magnetite. 
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These different alteration products are similar to our SRM alt grains in CM and CR 
chondrites, with the former likely having formed under conditions of high S activity and 
the latter under conditions of limited S and Si activity. Iron-rich aureoles, circular zones 
that are texturally distinct from, and more Fe-rich than the surrounding matrix, observed 
by Hanowski and Brearley (2000) in CM chondrites are another example of alteration 
products of Fe,Ni metal grains that were influenced by microchemical environmental 
differences. Additionally, they illustrate the high mobility of Fe and S with aqueous 
alteration even with minimal water.  
The role of microchemical environments could also explain why such disparate 
products (i.e., 3P grains versus PPI alt grains versus unaltered PPI grains) could exist in a 
single sample, sometimes only a few hundreds of micrometers apart. The heterogeneity in 
the distribution of different minerals in CM and CR chondrites, especially in regards to 
their matrices, means that different reactions could have occurred at different places in 
close proximity. These reactions would have effectively controlled the fluid 
environmental conditions on a very localized scale resulting in different alteration 
products.  
An alternative explanation for the different styles of alteration within a single 
chondrite could be provided by brecciation. In this scenario, the altered primary sulfides 
display such varying styles and mechanisms of alteration, because they were altered 
under different conditions that existed on a large scale on the parent body. They were 
subsequently intermixed, on a fine scale as we find them today via brecciation, possibly 
coupled with regolith comminution. This argument is less satisfactory than the 
microchemical environments argument as heterogeneity in the degree of alteration occurs 
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within an object that was a single entity. For example, some sulfides within a single 
chondrule can show varying degrees of dissolution or pseudomorphic replacement. As 
mentioned previously, both a 3P grain and a PPI alt mgt grain were observed in the same 
chondrule in CM QUE 97990 about 100 µm apart on its rim. These examples and many 
others from a variety of works on CM and CR chondrites illustrate that variable alteration 
does not have to be attributed to brecciation. Nevertheless, brecciation could have played 
a minor role especially in the case of the isolated sulfide grains present in the matrices of 
the CM and CR chondrites. 
Differences in Altered Primary Sulfides Related to Differences in the Aqueous 
Alteration Styles of CM and CR Chondrites 
For all similarities observed between the altered primary iron sulfide textural 
groups in the CM and CR chondrites, there are also significant differences. Given that 
these grains come from meteorite groups which experienced distinct histories, this is not 
surprising. It is these differences, however, that allow us to compare the aqueous 
alteration mechanisms and conditions operating on the CM and CR parent bodies. To 
summarize the differences in the altered primary sulfides of the CM and CR chondrites as 
determined by this study, we note that: 1) the 3P grains only occur in the CM chondrites, 
2) the PPI alt phy grains only occur in the CM chondrites, and 3) the metal of the SRM 
alt grains alters to different products in the CM and CR chondrites (i.e., to tochilinite in 
the CM chondrites and to magnetite or iron carbide in the CR chondrites). How then do 
these observations compare to other features of the two meteorite groups, especially as 
they relate to aqueous alteration? 
The formation of the 3P grains requires acidic conditions and a Ni-bearing fluid.  
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The alteration of Fe metal could have resulted in localized acidic conditions (as described 
in Hanowski and Brearley, 2000) and released Ni2+ into solution. Iron metal in CM 
chondrites is more heavily altered than in CR chondrites as evidenced by the difference in 
abundance (<0.02–1 vol. % in CMs and 1.4−7.9 vol. % in CRs; Rubin et al., 2007; 
Schrader et al., 2011). This is consistent with the presence of 3P grains in only the CM 
chondrites. Additionally, the breakdown of tochilinite is another source of Ni for the 3P 
grains. Tochilinite is observed only in the CM chondrites, and its abundance decreases 
with increasing alteration (Zolensky et al., 1993; Rubin et al., 2007). 
The alteration of pyrrhotite to phyllosilicates in the PPI alt phy grains requires a 
Mg,Si-bearing fluid. The breakdown of matrix amorphous silicate material and the slow 
dissolution of olivine and pyroxene could have acted as sources for these aqueous 
species. These phases altered to phyllosilicates, which could have resulted in more Mg2+ 
and Si4+ being dissolved in solution. An additional source of Si4+, especially for the PPI 
alt phy grains in chondrules, could have come from the alteration of chondrule 
mesostasis, which is completely altered in even the least-altered CM chondrites 
(Brearley, 2003; Rubin et al., 2007). 
The alteration of Fe metal to magnetite in SRM alt grains requires oxidation. The 
presence of magnetite framboids in the matrix and dark inclusions of the CR chondrites 
(e.g., Weisberg et al., 1995) implies that these meteorites may have experienced more 
oxidizing conditions than the CM chondrites (Zolensky et al., 1993). On the other hand, 
the alteration of Fe metal to carbides in SRM alt grains requires carbidization. Both CM 
and CR chondrites contain carbonates, but they are ubiquitous in CM chondrites and rare 
in CR chondrites (Rubin et al., 2007; Harju et al., 2014). Benedix et al. (2003) argues that 
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the carbonates in CM chondrites precipitated from solution. The smaller abundance of 
coarse-grained carbonates in most CR chondrites may be due to the fact that the carbon 
present in solution reacted with metal to form carbides before it reacted with Ca or Mg in 
solution to precipitate carbonates. Alternatively, the carbidization of metal could have 
been an entirely different event, unassociated with carbonate formation. 
The above examples and explanations likely oversimplify the complexities 
inherent in aqueous alteration processes. Still, they illustrate how the study of even minor 
phases, on both the micro- and nanoscale, can shed light on alteration mechanisms and 
conditions both across and even between parent bodies. The observations of alteration 
effects on different chondrite components provide clues that when linked together begin 
to unfold into a more comprehensive picture of the evolution of asteroidal parent bodies. 
Conclusions 
We have demonstrated that primary pyrrhotite is unstable in the CM and CR 
chondrites studied and has undergone breakdown to a variety of different products, such 
as secondary pentlandite, magnetite, and phyllosilicates. Pentlandite, however, is more 
resistant to alteration which implies that alteration occurred under alkaline conditions (pH 
>6) and at low temperatures (<100°C). These observations represent a significant step 
forward in understanding the behavior of sulfides in CM and CR chondrites.  
Using a combination of compositional and textural information obtained from 
several analytical techniques (FEGSEM/FIB, EPMA, and STEM), we determined that the 
3P grains are likely the products of dissolution of PPI grain pyrrhotite with precipitation 
of secondary pentlandite, the PPI alt grains are the products of pseudomorphic 
replacement of PPI grain pyrrhotite by magnetite or phyllosilicates, and the SRM alt 
 256 
 
grains are the products of pseudomorphic replacement of SRM grain Fe,Ni metal by 
magnetite, iron carbides, and/or tochilinite and SRM grain pyrrhotite by magnetite.  
The possibility that these assemblages were the products of terrestrial alteration 
can be ruled out, since we observed a clear correlation between the relative abundances 
of these altered grains with the degree of alteration of the bulk meteorite, as determined 
independently in other studies. Additionally, the oxidation of sulfide is consistent with 
the observations in previous works of the progression of alteration in these meteorites, 
which show increasing oxidation of the bulk meteorite and an increase in the modal 
abundance of magnetite. The variety of alteration products observed is likely due to 
differences in geochemical environmental conditions (pH, fO2, fluid composition) on the 
asteroidal parent body. Microchemical environments can explain why grains within a 
single sample can show alteration to the different grain types. Comparisons between CM 
and CR altered primary sulfides are linked to differences in the meteorite groups as a 
whole.
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Appendix 
Appendix I. Individual Phase Compositions
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Appendix I. Individual Phase Composition 
EPMA Analyses in wt. % 
CM 
3P 
Grain Phase Point S Ni Co Fe Total 
Beam 
Size 
(µm) 
QUE97_S36 Po/pn 1 31.66 32.21 1.09 32.00 97.1 5 
QUE97_S36 Po/pn 2 31.96 32.10 1.03 32.00 97.1 5 
QUE97_S36 Po/pn 3 31.55 32.23 1.08 31.28 96.3 5 
QUE97_S36 Po/pn 4 32.75 32.24 1.13 32.15 98.4 5 
QUE97_S36 Po/pn 5 32.72 32.26 1.03 32.02 98.1 5 
QUE97_S36 Po/pn 6 31.47 32.10 0.94 32.32 96.9 5 
QUE97_S36 Po/pn 7 32.87 31.98 1.05 32.06 98.0 5 
QUE97_S36 Po/pn 1 32.35 32.23 1.03 32.46 98.1 2 
QUE97_S36 Po/pn 2 33.06 32.21 1.07 32.46 98.9 2 
QUE97_S36 Po/pn 3 32.42 32.63 1.01 31.66 98.0 2 
QUE97_S36 Po/pn 4 32.58 32.16 1.14 32.13 98.2 2 
QUE97_S36 Po/pn 5 32.39 32.49 1.04 32.24 98.5 2 
QUE97_S36 Po/pn 6 32.74 32.31 0.94 32.65 98.7 2 
QUE97_S36 Po/pn 7 31.65 31.74 1.14 32.03 96.8 2 
QUE97_S2 Po/pn 1 33.62 10.32 0.32 52.58 96.9 <1 
QUE97_S2 Po/pn 2 33.50 10.78 0.34 50.95 95.6 <1 
QUE97_S2 Po/pn 3 33.19 10.82 0.34 51.02 95.4 <1 
QUE97_S2 Po/pn 4 32.94 10.81 0.38 51.09 95.3 <1 
QUE97_S2 Po/pn 5 32.82 11.23 0.34 50.39 94.8 <1 
QUE97_S2 Po/pn 6 32.69 12.26 0.36 49.70 95.0 <1 
QUE97_S2 Po/pn 7 33.27 10.94 0.34 51.81 96.4 <1 
QUE97_S2 Po/pn 8 32.89 11.52 0.36 48.89 93.7 <1 
QUE97_S2 Po/pn 9 32.54 25.87 0.54 38.47 97.5 <1 
QUE97_C22S1 Po/pn 1 31.17 30.39 0.88 31.70 94.2 5 
QUE97_C22S1 Po/pn 3 32.00 28.50 0.77 34.07 95.4 5 
Murray126_S13 Po/pn 1 32.79 32.04 1.56 31.58 98.2 5 
Murray126_S13 Po/pn 2 32.48 31.74 1.64 31.12 97.1 5 
Murray126_S13 Po/pn 3 32.19 31.24 1.66 30.57 95.8 5 
Murray126_S13 Po/pn 4 32.23 31.48 1.58 31.13 96.5 5 
Murray126_S13 Po/pn 6 32.62 31.26 1.61 30.81 96.5 5 
Murchison_S18 Pn 1 32.69 34.76 0.98 27.27 95.7 <1 
Murchison_S18 Pn 2 33.56 34.67 0.96 27.45 96.6 <1 
Murchison_S18 Po/pn 1 33.42 29.93 1.28 29.37 94.0 5 
Murchison_S18 Po/pn 4 32.52 30.15 1.26 29.68 93.8 5 
Murchison_S18 Po/pn 6 32.34 29.58 1.27 29.51 93.1 5 
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3P 
Grain Phase Point S Ni Co Fe Total 
Beam 
Size 
(µm) 
Murchison_S18 Po/pn 9 32.65 30.52 1.31 29.24 93.7 5 
Murchison_S18 Po/pn 1 32.99 30.21 1.32 29.65 94.3 2 
Murchison_S18 Po/pn 4 32.34 30.35 1.28 29.56 93.7 2 
Murchison_S18 Po/pn 5 32.42 30.20 1.30 29.35 93.3 2 
Murchison_S18 Po/pn 6 32.38 29.91 1.28 29.49 93.4 2 
Murchison_S18 Po/pn 7 33.11 29.89 1.27 29.43 93.9 2 
Murchison_S18 Po/pn 9 32.10 30.57 1.27 29.32 93.4 2 
Murchison_C3S5 Pn 1 33.18 33.38 1.04 28.65 96.3 <1 
Murchison_C3S5 Pn 2 32.59 33.11 1.06 28.54 95.4 <1 
Murchison_C3S5 Pn 3 32.72 32.23 1.07 27.63 93.7 <1 
Murchison_C3S3 Po 7 35.98 6.35 0.27 53.16 95.8 5 
Murchison_C3S3 Po 7 36.60 8.03 0.38 51.44 96.5 2 
Murchison_C3S3 Po/pn 5 32.59 26.99 0.94 34.10 94.7 5 
Murchison_C3S3 Po/pn 5 33.09 26.99 0.93 34.53 95.9 2 
Murchison_C3S2 Pn 1 31.65 32.13 0.92 28.80 93.5 <1 
Murchison_C3S2 Pn 2 32.53 32.77 0.98 29.00 95.6 <1 
Murchison_C3S2 Pn 3 31.75 32.99 0.98 28.98 94.7 <1 
Murchison_C3S2 Pn 4 32.15 32.41 0.96 28.85 94.4 <1 
Murchison_C3S2 Pn 5 32.70 33.07 0.98 28.69 95.5 <1 
Murchison_C3S2 Po/pn 1 31.74 30.23 1.31 30.58 94.0 2 
Murchison_C3S2 Po/pn 2 32.22 29.82 1.28 30.00 93.5 2 
Murchison_C3S1 Po/pn 4 31.88 29.85 1.20 30.45 93.8 5 
Murchison_C3S1 Po/pn 3 31.69 29.93 1.02 30.91 93.8 2 
MigheiSI_S14 Pn 1 31.44 30.17 1.71 30.40 94.0 <1 
MigheiSI_S14 Pn 3 33.22 30.31 1.75 31.04 96.7 <1 
MigheiSI_S14 Po/pn 7 32.66 29.36 1.78 31.39 95.5 5 
MigheiFM_S11 Po/pn 6 31.51 30.74 1.52 29.77 93.8 5 
MigheiFM_S11 Po/pn 2 30.55 31.35 1.52 29.82 93.3 2 
MigheiFM_S11 Po/pn 8 31.50 30.57 1.46 29.92 93.5 2 
MigheiFM_S10 Pn 1 31.32 34.20 1.16 29.89 96.6 <1 
MigheiFM_S10 Pn 2 29.43 33.12 1.23 30.21 94.2 <1 
MigheiFM_S10 Pn 3 30.70 34.10 1.13 30.08 96.2 <1 
MigheiFM_S10 Po/pn 1 30.02 32.06 1.60 29.30 93.1 5 
MigheiFM_S10 Po/pn 7 30.03 32.09 1.54 29.54 93.3 5 
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Chapter 5 
 
The Fate of Primary Iron Sulfides in the CM1 Carbonaceous 
Chondrites: Effects of Advanced Aqueous Alteration on Primary 
Components 
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Abstract 
We have carried out a systematic study involving SEM, EPMA, and TEM 
analyses to determine the textures and compositions of relict primary iron sulfides and 
their alteration products in a suite of moderately to heavily-altered CM1 carbonaceous 
chondrites. Our observations provide insights into how the primary iron sulfides are 
affected by extensive aqueous alteration and what this can reveal about alteration 
processes and conditions for the CM chondrite parent body. 
These studies show that although primary sulfides already begin to show evidence 
of alteration in weakly-altered CM chondrites, relicts of these sulfides are still prevalent 
in more-altered CM1 chondrites. We observed four textural groups of altered primary 
iron sulfides, often found within the same meteorite sample: 1) porous pentlandite (2P) 
grains, characterized by pentlandite with extensive crystallographically-oriented porosity, 
2) pyrrhotite+pentlandite+magnetite (PPM) grains, consisting of pyrrhotite-pentlandite 
exsolution textures with magnetite veining and secondary pentlandite, 3) 
pentlandite+serpentine (PS) grains, characterized by relict pentlandite exsolution, 
serpentine, and secondary pentlandite, and 4) pyrrhotite+pentlandite+magnetite+ 
serpentine (PPMS) grains, characterized by features of both the PPM and PS grains.  
We have determined that all four groups were initially primary iron sulfides, 
which formed from crystallization of immiscible sulfide melts within silicate chondrules 
in the solar nebula. The fact that such different alteration products could result from the 
same precursor sulfides within even the same meteorite sample further underscores the 
complexity of the aqueous alteration environment for the CM chondrites. The different 
alteration reactions for each textural group place constraints on the mechanisms and 
conditions of alteration with evidence for acidic environments (dissolution in the 2P 
grains), oxidizing environments (secondary pentlandite in the 2P and PPM grains and 
magnetite in the PPM grains), and changing fluid compositions. Nickel-bearing fluids 
were necessary to form secondary pentlandite in the 2P and PPM grains and Si-Mg-
bearing fluids were required to form serpentine in the PS grains. These fluids likely 
represented evolving compositions with changes being a product of mineral reactions that 
occurred as alteration became more advanced.
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Introduction 
 Chondritic meteorites record a variety of primary and secondary processes and, as 
such, represent the best opportunity to study the earliest-formed material in the solar 
nebula providing insights into the evolution of the solar system. The CM carbonaceous 
chondrites are of particular interest because their constituent primary components, 
chondrules, CAIs and AOAs embedded within matrix materials have interacted with 
fluids (i.e., liquid and/or vapor water). All these components, especially the matrix, show 
evidence of aqueous alteration, indicated by the replacement of primary phases by a 
variety of secondary alteration products i.e., phyllosilicates, tochilinite-cronstedtite 
intergrowths, iron oxides/hydroxides, and minor amounts of carbonates and sulfates 
(McSween, 1977b). 
Aqueous alteration for CM chondrites has been determined to have taken place at 
~25°C (DuFresne and Anders, 1962; Clayton and Mayeda, 1984; Guo and Eiler, 2007) 
under alkaline conditions (DuFresne and Anders, 1962; Brearley, 2006a; Chizmadia and 
Brearley, 2008). Studies of Mn-Cr ages and oxygen isotopes of carbonates show evidence 
for alteration having lasted for ~10 Myr and having been episodic (De Leuw et al., 2009; 
Fujiya et al., 2012; Tyra et al., 2012). The CM chondrites vary in their extent of alteration 
by fluids from moderately (CM2 chondrites) to heavily altered (CM1 chondrites) 
(Browning et al., 1996; Zolensky et al., 1997; Rubin et al., 2007; Hewins et al., 2014; 
Howard et al., 2011; Howard et al., 2015; King et al., 2017). This variation in degree of 
alteration is significant, because it allows us to discern what changes the original primary 
components of the samples have undergone with different extents of alteration, and what 
they transform into as a result of interaction with fluids.  
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However, it is important to note that while the CM1 and CM2 chondrites likely 
stem from the same precursor material, the two may not necessarily be linked by 
progressive alteration (i.e., the CM1s are not more-altered products of the CM2s) as 
suggested by oxygen isotopic data and the presence or absence of certain phases. For 
example, dolomite occurs in the CM1s, but rarely in the CM2s and tochilinite in the 
CM2s but rarely in the CM1s (Clayton and Mayeda, 1984; 1999; Howard et al., 2015; 
King et al., 2017). Instead, the CM1 chondrites may represent the products of aqueous 
alteration at higher temperatures (>100°C), for longer duration, or under higher water-
rock ratios (McSween, 1979; Clayton and Mayeda, 1984, 1999; Tomeoka and Buseck, 
1985; Zolensky et al., 1989, 1997; Browning et al., 1996; Hanowski and Brearley, 2001; 
Rubin et al., 2007) 
 The origin of iron sulfides in CM chondrites is controversial with both primary 
and secondary origins having been proposed (e.g., Fuchs et al., 1973; Hanowski and 
Brearley, 2001; Zolensky and Le, 2003; Bullock et al., 2007; others below). Several 
recent studies have shown that coexisting pyrrhotite (Fe1-xS) and pentlandite ((Fe,Ni)9S8) 
in CM2 chondrites could have formed by crystallization of monosulfide solid solution 
melts during the chondrule formation event(s) (Boctor et al., 2002; Brearley and 
Martinez, 2010; Maldonado and Brearley, 2011; Harries and Langenhorst, 2013; Kimura 
et al., 2011; Hewins et al., 2014; Chapter 2) or alternatively by sulfidization of Fe,Ni 
metal in the solar nebula (Chapter 2), based on experimental studies (Lauretta et al., 
1996a, b, c; 1997; 1998) and on observations of sulfides in other chondrite groups (Zanda 
et al., 1995; Schrader and Lauretta, 2010; Schrader et al., 2015). However, these primary 
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sulfides undergo progressive alteration with increasing degrees of alteration of the bulk 
meteorite (Chapter 4).  
Sulfides have only been described briefly in the highly-altered CM1 chondrites by 
Zolensky et al. (1997) where they documented the occurrence of two different kinds of 
sulfides: serpentine-sulfide aggregates and pyrrhotite-pentlandite-magnetite assemblages. 
They argue that these assemblages are secondary and formed on the parent body. 
However, the origins and relationships of the sulfides in CM1 chondrites to the primary 
sulfides in CM2s has not yet been investigated. Based on the trends observed in CM2 
chondrites, one would expect that all primary sulfides in CM1 chondrites would have 
been fully altered, implying that any sulfides observed should be secondary in origin. 
With our knowledge of the characteristics of primary sulfides in CM2 chondrites and 
their alteration mechanisms, we carried out a detailed study to reexamine the possible 
origins of sulfides in CM1 chondrites and determine what their relationship is to sulfides 
in CM2 chondrites. 
 We have studied sulfides in CM1 chondrites to determine if they formed by 
primary or secondary processes based on a comparison with textures of primary sulfides 
as well as sulfides that have undergone partial alteration in CM2 chondrites. Given the 
evidence of alteration of primary sulfides in CM2 chondrites, our goal was to understand 
whether sulfides in CM1 chondrites are entirely the products of secondary alteration or 
whether remnants of primary sulfides are still present, even in these highly-altered 
meteorites. In addition, the assemblages have the potential to provide insights into the 
conditions of secondary alteration, and the mechanisms of alteration of primary sulfides.  
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Methods 
 The textures and compositions of iron sulfide grains were studied in the following 
CM chondrites: ALHA 83100, ALH 84029, ALH 84034, ALH 84049, LAP 031166, and 
MET 01073. Data were obtained from the following polished thin sections (PTSs): 
ALHA 83100,12; ALH 84029,40; ALH 84034,9; ALH 84049,10; LAP 031166,13; and 
MET 01073,9. The Allan Hills (ALH/A) samples listed are all one pairing group 
(MacPherson, 1985a; 1985b; Mason, 1986). All PTSs were obtained from NASA’s 
Astromaterials Acquisition and Curation Office.  
All samples except MET 01073 are classified as CM1/2 chondrites according to 
the Meteoritical Bulletin; however, we argue that they are more appropriately considered 
as CM1 chondrites. The near complete hydration of ALH 84034 and ALH 84049 (Llorca 
and Brearley, 1992; Tyra, 2013) implies that these meteorites, and by extension members 
of their pairing group (i.e., ALH 84029), are CM1 chondrites. Additionally, studies of the 
modal abundances, specifically the proportions of anhydrous silicates to total 
phyllosilicates, in ALHA 83100 and LAP 031166 demonstrate that these meteorites have 
experienced similar degrees of aqueous alteration (Howard et al., 2011; King et al., 2017) 
again arguing for a CM1 classification for all the samples.  
For back-scattered electron (BSE) imaging of the textures and energy dispersive 
X-ray spectrometry (EDS) analyses, we used the FEI Nova NanoSEM 600 at the National 
Museum of Natural History in the Mineral Sciences Department under the following 
operating conditions: 6 mm working distance, 15 kV accelerating voltage, 1.4 nA beam 
current, spot size of 5. Preparation of FIB sections for use on the Transmission Electron 
Microscope (TEM) were performed on the FEI Quanta 3D DualBeam® Field Emission 
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Gun Scanning Electron Microscope/Focused Ion Beam (FEGSEM/FIB) at the University 
of New Mexico in the Department of Earth and Planetary Sciences. The FIB-prepared 
samples, protected from beam damage using an ion-beam deposited platinum strip, were 
removed from the thin section using the in situ lift out technique using an Omniprobe 200 
micromanipulator. After extraction from the thin section, the FIB samples were mounted 
onto copper TEM half grids. Samples were then milled to electron transparency. 
Extraction of the FIB samples was performed at an ion beam accelerating voltage of 30 
kV with a beam current ranging between 1 and 5 nA. Milling to electron transparency 
was also carried out at an ion beam accelerating voltage of 30 kV, with beam currents 
decreasing from 0.5 nA to 50 pA at the final stage.  
The major and minor element compositions of the sulfides were obtained using 
wavelength dispersive spectrometry (WDS) on the JEOL 8200 Electron Probe 
Microanalyzer (EPMA) in the Institute of Meteoritics, University of New Mexico. 
Operating conditions were 15 kV accelerating voltage, 20 nA beam current, and a beam 
size of <1 to 5 µm depending on the specific phase being analyzed and the overall size of 
the grain. Elements analyzed, the crystals they were measured on, count times, detections 
limits, and standards used are summarized in Table 5.1. Appropriate corrections were 
made for elements whose peaks interfere with one other (i.e., Fe and Co) using the Probe 
for EPMA (PFE) software (Donovan et al., 1993). Only standard ZAF corrections were 
applied to the data within the Probe for EPMA software.  
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Table 5.1. Elements, crystals, count times, detection limits, and standards for EPMA 
analyses. 
 Crystal Count Time (s) Detection Limit (wt. %) Standard 
P PETL 40 0.01−0.03 GaP 
S PETL 30 0.01−0.02 Pyrite 
Cr PETJ 60−70 0.02−0.04 Chromite 
Fe LIF 40 0.05−0.09 Pyrite 
Co LIFH 40 0.02−0.03 Co metal 
Ni LIFH 40 0.02−0.04 Ni metal 
The JEOL 2010F FASTEM Field Emission Gun Scanning Transmission Electron 
Microscope (FEGSTEM) in the Department of Earth and Planetary Sciences, University 
of New Mexico, operating at 200 kV, was used to obtain high-angle annular dark-field 
STEM images and electron diffraction patterns. In situ X-ray spot analyses and X-ray 
maps were obtained on the JEOL 2010F in STEM mode using an Oxford Instruments 
AZtecEnergy EDS system coupled to an Oxford X-Max 80 mm2 silicon drift detector 
(SDD) at an accelerating voltage of 200 kV. 
Results 
Our study included several CM1 chondrites, all of which exhibited complete 
hydration. The samples are dominated by serpentine with lesser amounts of sulfides and 
carbonates. We searched the surface area of all sections involved in this study which 
included the matrix and pseudomorphed chondrules (Fig. 5.1). We define a 
pseudomorphed chondrule as a roughly circular feature at least 100 µm in diameter 
containing serpentine, texturally and compositionally distinct (i.e., lower Z contrast) from 
the surrounding matrix with opaques present on the chondrule rims or within olivine 
pseudomorphs in the chondrule interiors (Fig. 5.1c−f). We limited our study of altered 
primary iron sulfides to coarse-grained phases (i.e., >10 µm in size).  
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Figure 5.1. BSE images of locations where iron sulfides were identified in CM1 
chondrites, including in the matrix and pseudomorphed chondrules. (a) and (b) show 
examples of matrices of ALH 84029 and ALH 84049, respectively, with iron sulfide 
present in the centers of the images. (c−f) show examples of pseudomorphed chondrules 
from ALH 84049 (c−d) and ALH 84034 (e−f). 
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Our observations yielded several common textural groups, which have 
characteristics that suggest that they may represent primary sulfides which have 
undergone aqueous alteration. These include the following: 
1) Porous pentlandite (2P) grains 
2) Pyrrhotite+pentlandite+magnetite (PPM) grains 
3) Pentlandite+serpentine (PS) grains 
4) Pyrrhotite+pentlandite+magnetite+serpentine (PPMS) grains 
These grains were considered altered based on textural evidence (e.g., presence of pores 
or reaction fronts, pseudomorphic replacement, etc.). Table 5.2 summarizes the 
abundance, range in size, spatial occurrence, and exsolution textures of each textural type 
by sample.  
Table 5.2. Textural groups, number of grains identified, sizes, spatial occurrence, and 
exsolution textures of altered primary sulfide grains in the CM1 chondrites studied. 
Sample Textural Group n Size Range (µm) 
Spatial 
Occurrence 
Exsolution 
Textures 
ALH 84029 
2P 5 18−85 Mx N/A 
PPM 3 30−110 Mx p,b,r 
PS 2 30−40 Chondrule, mx p,b 
PPMS 2 60−125 Mx p,l 
ALH 84034 
2P 4 10−25 Mx N/A 
PPM 2 25−35 Mx p 
PS 4 15−60 Chondrule, mx p,b,l 
PPMS 1 40 Mx p 
ALH 84049 
2P 3 55−75 Mx N/A 
PPM 4 30−55 Chondrule, mx p 
PS 3 35−40 Mx p,b 
 PPMS 3 35−50 Mx p 
ALHA 83100 PPM 6 15−90 Chondrule, mx p,b,r 
LAP 031166 2P 1 35 Mx N/A 
PS 1 25 Mx p,r 
MET 01073 2P 1 35 Mx N/A 
PS 2 30−75 Chondrule, mx p,r 
* p = patches, b = blades, l = lamellae, r = rods, N/A = no textures were present, mx = matrix 
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Porous pentlandite (2P) Grains 
Textures 
The porous pentlandite (2P) grains (Fig. 5.2) are found in all samples studied 
except ALHA 83100 and only occur as isolated grains in the matrix. The grains range in 
size from 10 µm to 85 µm and are anhedral to euhedral, with the latter having hexagonal 
form. The 2P grains contain crystallographically-oriented porosity and are composed 
solely of pentlandite; we observed no pyrrhotite. The pores range in size from <1 µm to a 
few microns; the vast majority of pores are submicron. The pores range in shape from 
round to ellipsoidal to linear. The porosity, visible on the SEM for most grains, has a 
heterogeneous distribution within a given grain and between grains. 
The pores throughout the section have lengths, parallel to the pentlandite 
lamellae, that vary from <5 to 625 nm and widths, in the direction perpendicular to the 
lamellae, varying from <5 to 150 nm. The HAADF STEM images (Fig. 5.3d−e) clearly 
show the crystallographic orientation of the pores in the strongly-twinned portions of the 
sample as most often parallel to the twinning interface. However, less well-developed 
pores oriented at 60-120° to the twinning (see yellow arrows in Fig. 5.3e) also occur in 
these parts of the section. These are all parallel to {220}pn (Fig. 5.3f), which are all planes 
of high density packing of atoms in roughly equivalent proportions of Fe, Ni, and S. The 
pores in the patches, on the other hand, are oriented in several different directions with 
respect to the pentlandite that they occur in, including (3ത31ത)pn//(531ത) pn//(1ത3ത1)pn//(2ത00)pn, 
though the first two are the most common. 
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Figure 5.2. BSE images of two 2P grains from CM1 chondrites showing (a) the textural 
context of a grain surrounded by fine-grained serpentine in the matrix of ALH 84029, (b) 
the 2P grain consisting of pn, (c) a high magnification image of the grain showing the 
crystallographically-oriented porosity, (d) the textural context of a composite grain 
surrounded by fine-grained serpentine in the matrix of ALH 84034, (e) the different pn 
grains forming the composite 2P grain, and (f) a high magnification image of the grain 
showing the crystallographically-oriented porosity. Pn = pentlandite. 
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Figure 5.3. SEM and TEM images of a 2P grain from CM1 ALH 84049. BSE images 
showing (a) the textural context of a grain surrounded by fine-grained serpentine in the 
matrix, (b) the euhedral grain itself with porosity along with the location of the FIB 
section extraction, and (c) a high magnification image of the grain. (d) HAADF STEM 
mosaic of the FIB section as well as SAED patterns of pn. High magnification HAADF 
STEM images showing (e) pores with three different orientations highlighted by the 
yellow arrows, (f) twinning of pn parallel to (022)pn, and (g) twinning-free patch of pn 
with pores showing four different orientations highlighted by the yellow arrows. Pn = 
pentlandite. 
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Figure 5.4. TEM EDS X-ray map of the 2P grain shown in Figure 5.3. Note the lack of 
compositional difference in Fe, S, or Ni for the low and high Z contrast phases. The X-
ray map is consistent with TEM EDS spot analyses and SAED patterns from the low and 
high Z phases which show both to have a pentlandite composition and structure. 
Compositions 
Table 5.3 presents individual representative electron microprobe analyses of 
pyrrhotite and pentlandite in the 2P, PPM, and PS grains, the details of which are 
discussed in each of the following sections. See Appendices I and II for a complete set of 
the data. Here, we focus on the 2P grain composition data which are presented 
graphically in Figure 5.5. Among all meteorite groups, the 2P grains range in Ni 
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composition from 30.3 to 32.6 wt. % and in Co composition from 1.6 to 3.1 wt. %. While 
the Ni compositions are typical of CM chondrite pentlandite, the Co compositions are 
higher; in Chapter 2, we observed a maximum Co composition of 1.3 wt. % for primary 
sulfide pentlandite in CM2 chondrites. Comparing the compositions by meteorite, we 
find that the ALH pairing group members (ALH 84029, 84034, and 84049) have similar 
Ni and Co compositions, though ALH 84034 appears to have slightly lower Co contents 
overall, and LAP 031166 has slightly higher Ni contents and notably lower Co contents 
compared to the other samples. One analyses from ALH 84029 plots at a higher Ni and 
lower Co composition than any other analysis from a 2P grain. 
 
Figure 5.5. Element-element plot (in wt. %) for individual spot analyses of pentlandite in 
CM1 2P grains. The points are color-coded according to the sample they were observed 
in. Analyses from the ALH pairing group (ALH 84029, 84034, and 84049) all largely 
overlap, whereas analyses from LAP 031166 are notably lower in their Co contents. All 
analyses have Co contents higher than is typically observed in CM2 primary sulfide 
pentlandite (≤1.3 wt. %; Chapter 2). 
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Table 5.3. Representative EPMA spot analyses (in wt. %) of individual phases in 2P, 
PPM, PS, and PPMS grains in CM1 chondrites. 
Textural 
Group Grain Phase P S Cr Fe Co Ni Total 
2P 
ALH29_S13 Pn 
bdl 32.62 bdl 30.55 2.86 31.21 97.2 
bdl 32.61 bdl 29.77 2.80 31.12 96.3 
bdl 32.68 bdl 30.10 2.80 31.35 97.0 
bdl 32.75 bdl 29.76 2.61 31.09 96.2 
bdl 31.48 bdl 29.45 1.56 32.57 95.1 
bdl 32.75 bdl 30.09 2.85 31.44 97.2 
bdl 31.80 bdl 30.03 2.65 30.70 95.2 
bdl 32.71 bdl 30.10 2.71 31.15 96.7 
LAP_S9 Pn 
bdl 32.62 0.04 30.76 2.11 32.04 97.6 
bdl 32.33 bdl 30.45 2.07 31.35 96.2 
bdl 32.21 0.05 30.24 2.07 31.85 96.4 
bdl 32.47 bdl 30.45 2.21 31.98 97.1 
bdl 32.65 bdl 30.66 2.25 32.32 97.9 
bdl 32.88 0.05 30.82 2.21 32.23 98.2 
bdl 32.28 bdl 30.99 2.07 31.70 97.1 
MET_S5 Pn 
bdl 32.40 bdl 33.20 1.06 31.78 98.5 
bdl 32.62 bdl 32.59 0.92 32.34 98.5 
bdl 31.14 0.05 34.33 1.15 29.87 96.5 
PPM 
ALH49_S6 
Pn p bdl 31.52 bdl 30.45 1.67 33.16 96.8 
Pn b bdl 32.36 bdl 32.97 0.53 31.11 97.0 
Po bdl 37.46 bdl 56.91 bdl 2.24 96.6 
LAP_S5 
Pn p bdl 32.72 0.04 35.90 1.01 26.03 95.7 
Po 
0.02 37.97 0.05 58.69 0.08 1.71 98.5 
bdl 37.88 0.04 58.56 0.07 1.68 98.2 
bdl 37.97 0.06 56.92 0.12 3.05 98.1 
bdl 37.87 0.08 57.52 0.15 2.86 98.5 
bdl 37.78 0.07 58.57 0.10 1.93 98.4 
bdl 38.00 0.07 58.67 0.07 1.73 98.5 
PS ALH49_S3 Pn c bdl 32.31 bdl 30.99 0.84 32.50 96.7 
bdl 32.28 bdl 31.48 0.87 32.47 97.1 
*ALH83 = ALHA 83100, ALH29 = ALH 84029, ALH34 = ALH 84034, ALH49 = ALH 84049, LAP 
= LAP 031166, MET = MET 01073, pn = pentlandite, p = patch texture, b = blade texture, c = coarse-
grained, po = pyrrhotite, bdl = below detection limit. 
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Pyrrhotite+pentlandite+magnetite (PPM) grains 
Textures 
 The pyrrhotite+pentlandite+ magnetite (PPM) grains are found in all samples 
studied except LAP 031166 and MET 01073 and occur within pseudomorphed 
chondrules as well as in the matrix. The grains range in size from 30 µm to 110 µm and 
are anhedral. These grains have textures consisting of pyrrhotite with patches, blades, and 
rods of pentlandite, resembling those in primary pyrrhotite-pentlandite grains in CM2 
chondrites, as well as magnetite veining. Two dominate textures of pentlandite are 
observed: patch-textured and blade-textured. The former occurs along the periphery of 
the grains and is euhedral to subhedral (Fig. 5.6b, 5.6d). The latter can occur throughout 
the grain, both near the periphery and in the interior, and is composed of often subparallel 
blades (Fig. 5.6b, 5.6d, 5.6f, 5.7c). 
The proportions of the different phases (pyrrhotite, pentlandite, and magnetite) 
vary from grain to grain both within the same sample and between the different 
meteorites. In the least-altered grains (Fig. 5.6b, 5.7b−c), magnetite veining and 
pentlandite are limited to the outer portions of the grain, and pyrrhotite is still present in 
major amounts. In more-altered grains (Fig. 5.7e−f), magnetite veining crosscuts the 
grain entirely, pentlandite is present in greater proportions, and pyrrhotite is only present 
in small amounts.  
Magnetite is nearly always in direct contact with blade-textured pentlandite, 
though there are cases where it is in contact with pyrrhotite (Fig. 5.6b, 5.6d). Evidence of 
a crystallographic orientation relationship between the magnetite and the pyrrhotite or 
pentlandite is not apparent from SEM images. Instead, the magnetite veins often follow  
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Figure 5.6. BSE images of PPM grains in the matrices of CM1 chondrites (a−d) ALH 
84049 and (e−f) ALH 84029. The left-hand images show the textural context of the 
grains as being surrounded by fine-grained serpentine, whereas the right-hand images 
show detailed images of the grains. Pn p are visible in (b) an (d). The grains have varying 
proportions of mgt veining, pn b, and po. Po = pyrrhotite, pn p = patch-textured 
pentlandite, pn b = blade-textured pentlandite, mgt = magnetite. 
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Figure 5.7. BSE images of two PPM grains surrounded by fine-grained serpentine in the 
matrix from CM1 chondrites showing (a) the textural context of a grain in ALH 84029, 
(b) an example of an altered PPM grain with po in the central right portion, (c) a high 
magnification image of the grain showing the crystallographic orientation of the blade-
textured pn with respect to the po, (d) the textural context of a grain in ALH 84049, (e) an 
example of a PPM grain with small amounts of po, and (f) a high magnification of the 
grain showing the crystallographic orientation of the po with respect to the pn that 
surrounds it. In the grain in (b−c), mgt veining (the lower BSE contrast phase) is 
heterogeneously developed, and po is present on right-hand side of the grain that shows 
limited mgt veining. This po is surrounded by pn b that is crosscut by mgt. In the grain in 
(e−f), only minor po is present and the dominant sulfide is pn. In this grain, mgt veining 
is extensive and crosscuts the entire grain. Po = pyrrhotite, pn = pentlandite, b = blade 
textured, mgt = magnetite.  
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the grain boundaries in the least-altered examples. The blade-textured pentlandite in 
contact with the pyrrhotite and magnetite, however, does appear to be 
crystallographically oriented relative to the pyrrhotite, based on SEM observations (Fig. 
5.6d, 5.6f, 5.7c).  
Transmission electron microscope studies were performed on a FIB section 
extracted from a representative less-altered PPM grain in ALHA 83100 (Fig. 5.8). The 
extraction site was chosen as it includes the three phases (pyrrhotite, pentlandite, and 
magnetite) present in the grain. Additionally, this site shows an apparent crystallographic 
orientation of the pentlandite with respect to the pyrrhotite. In some areas of the grain, 
magnetite is in direct contact with pyrrhotite. 
The TEM studies reveal additional microstructures that are not apparent from 
SEM studies. The magnetite veining consists of a polycrystalline, monomineralic 
aggregate with randomly oriented, blocky grains a few hundred nanometers in size (Fig. 
5.8d, 5.8f). Pentlandite occurs as elongate grains parallel to one another (Fig. 5.8d, 5.8f). 
They range in width from 20 to 600 nm and in length from 270 nm to a few microns. In 
cases where magnetite is in contact with elongate pentlandite, the phases are oriented 
with (4ത02)mgt//(1ത1ത1)pn, with pentlandite’s elongation parallel to (3ത31ത)pn (Fig. 5.8d). A 
minor amount of Fe,Mg serpentine, identified as such using EDS spot analyses, is present 
as small grains (~70 nm in size) that occur interstitially between pentlandite and 
magnetite (Fig. 5.8e). Additionally, rare grains of an Fe,S,O-bearing phase (possibly 
tochilinite) is present between the pentlandite and magnetite as well (Fig. 5.8e). 
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Figure 5.8. SEM and TEM scale images of a PPM grain located in CM1 ALHA 83100. 
BSE images showing (a) the textural context of the grain surrounded by fine-grained srp 
in the matrix and adjacent to a pseudomorphed chondrule, (b) the grain, containing large 
proportions of po with mgt veining largely limited to the grain boundaries, with the 
location of the FIB section extraction which includes mgt, po and pn, and (c) a high 
magnification image of the grain illustrating the crystallographic orientation of the pn b 
with respect to the po. (d) HAADF STEM mosaic of the FIB section as well as SAED 
patterns of crystallographically-oriented grains of mgt and pn b (outlined in yellow). 
High magnification HAADF STEM images showing (e) a complex phase assemblage and 
(f) the contact for the mgt and pn b boundary. Po= pyrrhotite, pn = pentlandite, p = patch-
textured, b = blade-textured, mgt =magnetite, srp = serpentine, toch = tochilinite. 
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Compositions 
The PPM grain composition data are summarized in Table 5.3 and are presented 
graphically in Figure 5.9. We obtained analyses for pyrrhotite and two textural forms of 
pentlandite, patch and blade. Among all meteorite groups, the PPM grain pyrrhotite 
ranges in Ni composition from 1.7 to 5.2 wt. % and in Co composition from below 
detection limit (<0.03) to 0.2 wt. %; the PPM grain patch-textured pentlandite ranges in 
Ni composition from ranges in Ni composition from 26.0 to 33.7 wt. % and in Co 
composition from 0.6 to 1.7 wt. %; and the PPM grain blade-textured pentlandite ranges 
in Ni composition from 29.6 to 31.6 wt. % and in Co composition from 0.2 to 0.5 wt. %.  
 
Figure 5.9. Element-element plot (in wt. %) for individual spot analyses of pyrrhotite and 
pentlandite in CM1 PPM grains. The points are color-coded according to the sample they 
were observed in. The shape of the symbol corresponds to the phase (triangle = po, close 
square = pn patches, open square = pn blades). Error bars are smaller than the size of the 
symbols. Pentlandite analyses have similar Ni contents, but show more variation in their 
Co content. Analyses from pn p have higher Co contents than those from pn b for every 
meteorite sample for which we have data. Po = pyrrhotite, pn p = patch-textured 
pentlandite, pn b = blade-textured pentlandite. 
 290 
 
Comparing the compositions by meteorite, we find that the ALH pairing group 
members (ALH/A 83100, 84029, and 84049) have similar Ni and Co compositions for 
pentlandite, though they show variation within a given meteorite in the range of Co 
compositions. For example, among the samples that have both textural forms of 
pentlandite, ALHA 83100 shows the smallest range in Co contents (0.3 to 1.2 wt. %), 
whereas ALH 84049 shows the greatest range (0.2 to 1.7 wt. %). Pentlandite from LAP 
031166 has lower Ni contents compared to the ALH samples though its Co contents are 
similar. Pyrrhotite from LAP 031166 has similar Ni compositions as pyrrhotite from 
ALH 84049 but has higher Co contents.  
Differences between meteorite samples, however, are less significant than 
differences between textural types. While the Ni compositions overlap between the two 
textural forms of pentlandite, the Co compositions form two distinct groups: a low Co 
(<0.6 wt. %) and a moderate Co group (>0.8 wt. %). The low and moderate Co groups 
are composed of the blade-textured and patch-textured pentlandite, respectively. The 
distinct textures and compositions between the two textural types of pentlandite argue for 
differing formation mechanisms and/or conditions, which will be expanded on in the 
Discussion section. 
Pentlandite+serpentine (PS) grains 
Textures 
 The third group of altered primary sulfide grains are the pentlandite+serpentine 
(PS) grains. These grains are similar to the PPI grains in Chapter 2 having pentlandite 
around the periphery of the grains. Unlike the PPI grains, however, the PS grains do not 
contain any pyrrhotite but, instead, contain serpentine and pentlandite (both coarse-
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grained along grain boundaries and fine-grained in grain interiors). The PS grains are 
found in all samples studied except ALHA 83100, occur in relict chondrules as well as 
the matrix, range in size from 15 µm to 130 µm, and are anhedral. 
The PS grains have variable amounts of serpentine and pentlandite from grain to 
grain both within the same sample and between the different meteorites; however, the PS 
grains in CM1 MET 01073 have notably higher proportions of serpentine over 
pentlandite in the two PS grains observed. Within a single grain, the distribution of 
serpentine and fine-grained pentlandite is heterogeneous; certain portions of the grain 
contain regions of serpentine without any fine-grained pentlandite, while other areas have 
more equal proportions of the two phases (Fig. 5.10b, 5.10e, 5.11b).  
Transmission electron microscope analyses were made on a FIB section extracted 
from a PS grain in ALH 84049, which was representative of the PS grains (Figure 5.11). 
The FIB section extraction location was chosen so that it included the all phases 
identified on the SEM: serpentine, coarse-grained pentlandite, and fine-grained 
pentlandite. TEM analyses reveal the presence of coarse- and fine-grained pentlandite, 
two textural forms of serpentine, and euhedral magnetite grains. Additionally, porosity is 
observed predominantly in association with contacts between the two textural forms of 
serpentine. 
 The coarse-grained pentlandite (5 to 15 µm) consists of well-facetted, euhedral 
single crystals, which show limited evidence of secondary alteration or subhedral grains, 
some of which show evidence of secondary replacement indicated locally by jagged, 
irregular edges (Fig. 5.10e). The fine-grained pentlandite (30 nm to 1.25 µm) crystals, 
embedded within serpentine, vary in morphology from rod-shaped to flower-like clusters  
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Figure 5.10. BSE images of two PS grains from CM1 chondrites showing (a) the textural 
context of a grain surrounded by fine-grained srp in the matrix of ALH 84034, (b) the PS 
with several pn c along the grain boundaries, (c) a high magnification image of the grain 
showing the heterogeneous distribution of srp to pn f in the interior of the grain, (d) the 
textural context of a grain on a pseudomorphed chondrule rim in ALH 84029, (e) the PS 
grain with pn c that nearly completely enclose the grain, and (f) a high magnification of 
the grain showing the heterogeneous distribution of srp to pn f in the interior of the grain. 
In both grains, the peripheries of the grains consist of coarse-grained (5 to 15 µm) pn 
grains with euhedral to subhedral shapes. The center of the grains consist of serpentine 
containing fine-grained (sub to few microns) pentlandite. Pn = pentlandite, c = coarse 
grained, f = fine grained, srp = serpentine.  
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Figure 5.11. SEM and TEM scale images of a PPM grain located in CM1 ALH 84049. 
BSE images showing (a) the textural context of the grain surrounded by fine-grained srp 
in the matrix, (b) the grain itself along with the location of the FIB section extraction 
which includes srp, pn c, and pn f, and (c) a high magnification image of the grain 
illustrating the somewhat heterogeneous distribution of srp to pn f. (d) HAADF STEM 
mosaic of the FIB section as well as SAED patterns of crystallographically-oriented 
grains of mgt and pn f. High magnification HAADF STEM images showing phase 
boundaries between (e) pn and srp, (f) mgt, pn, and smooth srp, and (g) pn and smooth 
and fibrous srp. Pn = pentlandite, c = coarse grained, f = fine grained, mgt =magnetite, 
srp = serpentine. 
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(Fig. 5.11g), as well as highly irregularly-shaped, anhedral grains. EDS analyses of the 
two textural types show that the compositions of the two agree within error.  
Serpentine, identified by electron diffraction and EDS analyses, displays two 
textural forms: smooth (Fig. 5.11f) and fibrous (Fig. 5.11e). Based on electron diffraction 
analyses, the smooth serpentine consists of single crystals, whereas the fibrous serpentine 
consists of numerous submicron-sized (less than 20 nm in width and 300 nm in length) 
fibers in random orientations. The smooth serpentine is associated with magnetite and 
both fine- and coarse-grained pentlandite; the fibrous serpentine, on the other hand, is 
associated only with fine- and coarse-grained pentlandite. Contacts between the two 
textural forms often contain elongate porosity (Fig. 5.11d, 5.11g), which ranges in size 
from 35 to 240 nm. 
Two euhedral magnetite grains (680 and 1000 nm in size), identified by electron 
diffraction and EDS analysis, occur in close spatial association with the fine-grained 
pentlandite and are embedded within a matrix of smooth serpentine. SAED patterns of 
one of the euhedral magnetite grains and a fine-grained pentlandite grain in close 
proximity show a crystallographic orientation relationship of [111ሿpn//[100ሿmgt and 
(2ത02ሻpn//(202തሻmgt. 
Compositions 
The PS grain composition data are summarized in Table 5.3 and presented 
graphically in Figure 5.12. We were only able to obtain analyses for the 
euhedral/subhedral pentlandite along the grain boundaries due to the small size of the 
rod-like pentlandite. Among all meteorite groups, the PS grain pentlandite ranges in Ni 
composition from 30.9 to 33.7 wt. % and in Co composition from 0.8 to 1.4 wt. %. 
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Comparing the compositions by meteorite, we find that each meteorite has a distinct Ni 
composition (MET 01073: 30.9 to 31.4 wt. %, ALH 84049: 32.5 to 33.4 wt. %, and ALH 
84029: 33.4 to 33.7 wt. %). The Co compositions of the ALH samples overlap (0.84 to 
1.29 wt. %) but are lower than those of MET 01073 (1.37 to 1.41 wt. %). 
 
Figure 5.12. Element-element plot (in wt. %) for individual spot analyses of euhedral to 
subhedral pentlandite along grain boundaries in CM1 PS grains. The points are color-
coded according to the sample they were observed in. Analyses from the ALH pairing 
group (ALH 84029 and 84049) have higher Ni and lower Co contents than those from 
MET 01073. Pn p = patch-textured pentlandite. 
In addition to the EPMA analyses obtained, we also performed TEM EDS spot 
analyses of serpentine in a FIB section extracted from a PS grain (Fig. 5.10). From these 
analyses, we observed that the Fe, Mg, and Si concentrations varied depending on the 
textural form of serpentine (i.e., smooth versus fibrous). By averaging four analyses for 
each textural group, we found that the smooth serpentine contained more Fe (10.6 ± 0.8 
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wt. %) and had a smaller Mg# (0.60, defined as Mg/Mg+Fe as a wt. ratio) than the 
fibrous serpentine (Fe = 7.2 ± 0.5 wt. % and Mg# = 0.68). The Mg and Si concentrations 
overlapped within error for the two textural groups. 
Pyrrhotite+pentlandite+magnetite+serpentine (PPMS) grains 
The final group of altered primary sulfide grains is the pyrrhotite+pentlandite+ 
magnetite+serpentine (PPMS) grains (Fig. 5.13). These grains share characteristics of 
both the PPM and the PS grains. They are found in ALH 84029, 84034, and 84049 and 
are less common than any other textural group discussed. The PPMS grains are only 
present in the matrix, range in size from 35 µm to 125 µm, and are anhedral.  
The PPMS grains contain pentlandite (as coarse grains/patch-textured, blade-
textured, and fine grains) magnetite, serpentine, and sometimes pyrrhotite. The coarse-
grained/patch-textured pentlandite occurs in euhedral to subhedral form along the 
periphery of the grains (Fig. 5.13b 5.13c, 5.13e), whereas the fine-grained pentlandite and 
blade-textured pentlandite occur in the grain interiors embedded in serpentine (5.13c, 
5.13f). Magnetite, as veins or masses often embedded in serpentine, is limited to the outer 
portions of the less-altered grains (Fig. 5.13b) but crosscuts the more-altered grains (Fig. 
5.13e). Similarly, serpentine is present only near the edges in the less-altered grains, but 
occurs throughout the more-altered grains. Pyrrhotite, when present, occurs in the center 
of the grains (Fig. 5.13b−c). All phases are in contact with one another, but those with the 
most similar spatial relationships (i.e., occur in similar locations of the grain and in 
association with one another) include pyrrhotite to magnetite and blade-textured 
pentlandite and serpentine to magnetite and fine-grained pentlandite. In these grains, the 
textural relationships are suggestive of extensive replacement of pyrrhotite by magnetite,  
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Figure 5.13. BSE images of two PPMS grains from CM1 chondrites showing (a) the 
textural context of a grain surrounded by fine-grained srp in the matrix of ALH 84049, 
(b) the less-altered PPMS grain containing po near its center, (c) a high magnification 
image of the grain showing the all the observed phases and their relations to one another, 
(d) the textural context of a grain surrounded by fine-grained srp in the matrix of ALH 
84029, (e) the more-altered PPMS grain lacking any observable po, and (f) a high 
magnification of the grain showing the all the observed phases and their relations to one 
another. In both grains, pn c, surrounded by mgt, is visible near the grain boundaries. In 
the less-altered grain (b−c), po is present, and there is less mgt, srp, and pn f. Po = 
pyrrhotite, pn = pentlandite, c = coarse grained, f = fine grained, b = blade textured, mgt 
= magnetite, srp = serpentine. 
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serpentine, and pentlandite with the proportions of the phases to one another varying 
from grain to grain within the same sample and between different meteorites. 
Other Iron Sulfides 
Beyond the textural groups previously discussed, there are others which contain 
sulfide and, in some cases, make up a large proportion of the sulfide in the sample. Figure 
5.14 shows a few examples of these other iron sulfides. They include: 1) plain pyrrhotite 
in MET 01073, characterized by lacking any pentlandite exsolution textures and often 
having irregular, jagged edges rimmed by serpentine (Fig. 5.14a−b); 2) coarse-layered 
sulfides in the ALH pairing group, characterized by ~30−50 µm-sized aggregates of high 
(sulfide) and low (silicate?) Z phases which form parallel, somewhat concentric layers 
(Fig. 5.14c−d); and 3) sulfide-rimmed serpentine assemblages in the ALH pairing group, 
characterized by assemblages (hundreds of µm in size) with serpentine cores rimmed by 
fine-grained layered sulfides with alternating light and dark phases (Fig. 5.14e−f). These 
sulfides are, however, texturally distinct from those discussed above and are likely 
secondary sulfides. For this reason, we are not considering them further, as the focus of 
this study is on the alteration of primary sulfides, rather than the formation of secondary 
sulfides. 
 
 299 
 
 
Figure 5.14. BSE images of iron sulfide grains which do not fit into the aforementioned 
textural groups from CM1 chondrites. They show (a) the textural context of a grain on a 
pseudomorphed chondrule rim in ALH 84029, (b) a plain po grain with no pn exsolution 
textures, (c) the textural context of a grain in the a more coarse-grained portion of the 
matrix in ALH 84029, (d) a coarse-layered sulfide grain with alternating high and low Z 
phases, (e) the textural context of a grain in the matrix of ALH 84029 surrounded 
predominantly by serpentine, and (f) a sulfide-rimmed serpentine assemblage with an 
irregular shape. These grains occur throughout the samples they are observed in (MET 
01073 for the plain po and the ALH pairing group for the coarse-layered sulfide and 
sulfide-rimmed srp assemblage). Po = pyrrhotite, pn = pentlandite, su = sulfide, srp = 
serpentine.  
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Discussion 
Textural evidence suggests that the 2P, PPM, PS, and PPMS grains are the 
product of aqueous alteration. However, the different textures and phases among the 
groups imply that the grains are the result of alteration under different conditions and 
their mechanisms of alteration were also distinct. As discussed below, the mineralogical 
evidence strongly supports the view that the observed sulfide alteration in CM1 
chondrites is not the result of terrestrial alteration, but is the result of preterrestrial 
alteration, most likely within an asteroidal environment. We use our mineralogical 
observations to examine how the different textural group of altered sulfides formed, what 
their precursor phases were, and, finally, the constraints that the sulfide alteration features 
place on their formation mechanisms and the conditions of alteration.  
Terrestrial versus Preterrestrial Alteration 
We operate on the assumption that these grains were aqueously altered in an 
asteroidal environment rather than on Earth from weathering processes. The common 
alteration phases that form on Earth from weathering; goethite (FeO(OH)) and 
maghemite (Fe2O3) rather than magnetite (Rubin, 1997; Cadogan and Devlin, 2012; 
Harju et al., 2014); were not observed in our altered primary grains. Significant for this 
study, as it includes several Antarctic meteorite finds, Lee and Bland (2004) found very 
little evidence for weathering of troilite. Additionally, these textural groups are present, 
more or less, in all samples studied and were not observed in the less-altered CM2 
chondrites also collected in the Antarctic. This suggests that the textural groups’ 
formation is closely associated with only the more highly-altered CM1 meteorites which, 
in turn, suggests parent body processes.  
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Occurrence among CM1 Samples Studied 
The occurrence of the different textural groups in the meteorite samples studied 
was presented previously in Table 5.2 and is shown graphically in Figure 5.15. To 
summarize, the 2P grains were found in all samples except ALHA 83100; the PPM grains 
in all samples except LAP 031166 and MET 01073; the PS grains in all samples except 
ALHA 83100; and the PPMS grains in all samples except ALHA 83100, ALH 84034, 
and MET 01073. Past works have argued the Allan Hills samples (ALHA 83100, ALH 
84029, 84034, and 84049) are paired and come from the same meteor, which 
disintegrated upon atmospheric entry (MacPherson, 1985a; 1985b; Mason, 1986). The 
sulfide mineralogy and textures found in this study support the pairing of ALH 84029, 
84034, and 84049, but indicate that ALH 83100 is distinct and not part of this pairing 
group.  
The observed textural groups of sulfides in ALH 84029, 84034, and 84049 are 
nearly the same; all three contain 2P, PPM, PPMS, and PS grains. In contrast, the ALHA 
83100 thin section studied only contains PPM grains suggesting that it may not be paired 
with the other ALH meteorites. However, this does not exclude the possibility that the 
original bolide was a breccia and that ALH 83100 represents a sample that experienced a 
different degree of alteration.  
The sulfide textural groups that occur in LAP 031166 and MET 01073 differ 
markedly from the ALH samples and from each other; LAP 031166 and MET 01073 both 
only contain 2P and PS grains. Significantly, neither contains PPM grains. There are 
clearly similarities between several of the meteorites studied, but some samples that are 
quite distinct. These observations indicate that different CM1 chondrites, though all  
 302 
 
highly altered, did not all experience exactly the same alteration histories.  
 
Figure 5.15. Bar plot illustrating the relative proportions of the altered primary iron 
sulfides in the CM1 chondrites studied. Note the anticorrelation in relative abundance 
between PPM and PS grains. 
Formation of CM1 Sulfides by Alteration of Primary Pyrrhotite-pentlandite Grains  
In the course of our study of sulfides in CM1 chondrites, we have identified four 
textural groups: the 2P, PPM, PS, and PPMS grains. Within these textural groups there 
are textural characteristics which suggest that the precursors were grains with 
characteristics similar to the pyrrhotite-pentlandite intergrowth (PPI) grains in the CM2 
chondrites (Chapter 2). These characteristics include relicts of pyrrhotite and pentlandite 
with exsolution lamellae as well as the distribution of larger grains of pentlandite around 
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the periphery of PPI grains, a distinct feature that is common to many PPI grains. The 
primary characteristics by textural group include: pyrrhotite in the PPM and PPMS grains 
and patch-textured or coarse-grained pentlandite in the PPM, PS, and PPMS grains. 
Irrespective of the textural type, the CM1 sulfides have recognizable primary features 
that have not been entirely obliterated, especially with regard to pentlandite, that point 
towards a PPI-like precursor. 
However, in addition to the similarities with the PPI grains, the textural groups in 
the CM1 sulfides contain other features that are not observed in the CM2 chondrites. 
These include the presence of serpentine and veins of magnetite and an increase in the 
proportion of pentlandite in many grains. From these differences, we can conclude that 
the CM1 sulfide textural groups discussed in this study represent the effects of advanced 
aqueous alteration of primary sulfides. It is important to point out that sulfide grains in 
the more-altered CM2 chondrites also exhibit evidence of alteration, though with 
different characteristics; therefore, it is to be expected that at the more advanced stages of 
alteration experienced by the CM1s, this process of sulfide alteration should also be more 
advanced. Still, this conclusion does not imply that CM2 chondrites were necessarily the 
direct precursors of CM1s. Instead, the PPI grains, formed by the same mechanism, 
represent the initial primary sulfides present in the unaltered, precursor materials for both 
the CM1 and CM2 chondrites. CM1 and CM2 chondrites may not originate from the 
same parent body or could have followed very distinct alteration paths if they do share a 
common asteroidal origin.  
Additional lines of evidence are consistent with the sulfide textural groups in  
CM1 chondrites being the product of secondary replacement of primary sulfide grains.  
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Many of the aforementioned phases (i.e., magnetite, blade-textured pentlandite, 
serpentine) occur on the periphery of the grains and extend inward towards the centers. 
Interfaces between these phases and those that occur in the PPI grains are often irregular 
and jagged. Additionally, these textures, consistent with pseudomorphic replacement, are 
not observed in the least-altered CM2 chondrites. For these reasons, we argue that these 
features are likely secondary in origin. Specifically, the secondary characteristics by 
textural group include: porosity (e.g., Putnis et al., 2002) and the dominance of 
pentlandite in the 2P grains; magnetite and blade-textured pentlandite in the PPM grains; 
serpentine and fine-grained pentlandite in the PS grains; and magnetite, serpentine, and 
blade-textured and fine-grained pentlandite in the PPMS grains.  
In the following discussion, we make a detailed comparison of the style and 
degree of alteration of sulfides in the CM2 and CM1 chondrites to understand if the two 
petrologic types can be interpreted as representing the result of progressive alteration 
(i.e., CM2s represent an earlier stage of alteration that the CM1s passed through) or that 
the textures indicate different alteration paths that suggest very distinct alteration 
histories for the CM1 chondrites. These observations have implications for any possible 
genetic relationship between the CM1 and CM2 chondrites and whether they originate 
from the same or different asteroidal parent bodies.  
Porous pentlandite (2P) grains 
A comparison of the 2P grains in CM1 chondrites to the porous pyrrhotite-
pentlandite (3P) grains we have previously observed in CM2 chondrites (Chapter 4) 
suggests that the two textural groups may be related, but that the 2P grains represent a 
more advanced stage of alteration. That is not to say that the 3P grains in the CM2 
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chondrites alter to the 2P grains in the CM1 chondrites, but rather that the 2P grains are 
examples of what characteristics more-altered 3P grains would have.  
Similarities between textures of the CM2 3P and CM1 2P grains (Fig. 5.16), such 
as the presence of crystallographically-oriented porosity and pentlandite lamellae, 
indicate that the two are genetically related having formed from similar precursor 
material (i.e., PPI grains). However, differences between them, such as the proportions of 
pyrrhotite to pentlandite, imply that they are the result of progressive replacement of 
pyrrhotite by secondary pentlandite, which is consistent with the prevalence of 
pentlandite over pyrrhotite in the more heavily aqueously altered CM1 chondrites.  
The less-altered 3P grains found in, for example, the least-altered CM2 QUE 
97990 (Fig. 5.16a−c), contain more pyrrhotite than pentlandite, whereas the more-altered 
3P grains, that occur in the more-altered CM2s such as Mighei (Fig. 5.16d−f), contain 
more pentlandite with only minor pyrrhotite. As the STEM EDS X-ray map (Fig. 5.17b) 
illustrates, the proportion of pyrrhotite in the grain has diminished significantly in 
comparison to the less-altered 3P grain (Fig. 5.17a). Unlike the more-altered 3P grain in 
Mighei, the 2P grain observed in CM1 ALH 84049 appears to have two different phases, 
based on differing brightnesses in the HAADF STEM images (Fig. 5.16i). Since dark-
field imaging captures structural information in addition to compositional information, 
the lamellar structure present in the 2P grain could, in fact, be twinning rather than 
exsolution. Based on STEM EDS X-ray maps (Fig. 5.17c), the 2P grains have higher 
proportions of pentlandite and lack pyrrhotite. The differences between the less-altered 
3P grains and the more-altered 3P grains are more notable even than those between the 
more-altered 3P grains and the 2P grains. This may imply that most of the pyrrhotite in 
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Figure 5.16. SEM- and TEM-scale images comparing CM2 3P grains to CM1 2P grains. 
Images showing (a) a less-altered 3P grain from CM2 QUE 97990 with pn-rich regions 
near the periphery of the grain, (b) a high magnification BSE image of the grain 
illustrating the pn lamellae and porosity, (c) a higher magnification HAADF STEM 
image of the grain illustrating the crystallographic orientation of the pn lamellae to the 
porosity as well as the presence of a flame-like texture in the po, (d) a more-altered 3P 
grain from CM2 Mighei with relict pn patches free of fine-scale porosity, (e) a high 
magnification BSE image of the grain illustrating the fine-scale porosity, (f) a higher 
magnification HAADF STEM image of the grain illustrating the slivers of po between 
the pn lamellae as well as the porosity, (g) a 2P grain from CM1 ALH 84049 with a 
homogeneous appearance, (h) a high magnification BSE image of the grain illustrating 
again the apparent lack of any other phases and the presence of fine-scale porosity, and 
(i) a higher magnification HAADF STEM image of the grain illustrating pn twinning and 
porosity parallel to it. po = pyrrhotite, pn = pentlandite, po/pn = fine-grained intergrowths 
of pyrrhotite and pentlandite. 
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the precursor material has already altered to pentlandite in the early stages of alteration 
and the final stages are not as significant in their effects. 
In the least-altered 3P grains, the pores primarily occur in the pyrrhotite either 
perpendicular or parallel to the pentlandite lamellae. In the more-altered 3P grains, the 
pores occur throughout the grains with no apparent preference for pentlandite or 
pyrrhotite and are primarily oriented parallel to the remnant pyrrhotite slivers. In the 2P 
grains, the pores are similar to the more-altered 3P grain in Mighei; they occur in 
pentlandite and are oriented primarily parallel to the lamellae/twinning. Additionally, in 
the less-altered 3P grains, a flame-like texture is visible in the pyrrhotite portions of the 
grains that has a slightly higher Ni content than flame texture-free pyrrhotite portions. 
However, no flame-like texture is visible in the more-altered 3P grains or the 2P grains.  
Figure 5.17. HAADF STEM images with their corresponding Ni X-ray maps for the 
same three grains shown in Figure 5.16. The grains are listed in order of increasing 
alteration moving to the right: (a) 3P grain from the least-altered CM2 QUE 97990, (b) 
3P grain from the moderately-altered CM2 Mighei, and (c) 2P grain from the more 
heavily-altered CM1 ALH 84049. The decreasing proportion of po, or inversely the 
increasing proportion of pn, reflects the degree of alteration. po = pyrrhotite, pn = 
pentlandite. 
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Pyrrhotite+pentlandite+magnetite (PPM) grains 
In comparing the PPM grains in CM1 chondrites to altered PPI grains we have 
previously observed in CM2 chondrites (Chapter 4), we noted textural similarities which 
indicate that the textural groups had similar precursors. However, the differences in 
textures between the two and the presence of blade-textured pentlandite in the CM1 PPM 
grains indicate different alteration paths that suggest very distinct alteration histories for 
the two petrologic types.  
We observed textural characteristics of the CM2 altered PPI grains which imply 
that they represent relicts of primary sulfides. These include the presence of coarse-
grained pentlandite along the periphery of the grains as well as fine-grained pentlandite 
lamellae, blades, and/or rods embedded in pyrrhotite in the interior of the grains. These 
textures are also apparent in the PPM grains suggesting that these grains also represent 
surviving primary sulfide relicts. The CM2 altered PPI grains and the CM1 PPM grains 
contain both primary pyrrhotite and pentlandite. 
In one subset of the CM2 altered PPI grains, referred to as PPI alt mgt grains 
hereafter, the pyrrhotite has been replaced by patches of porous magnetite (Fig. 5.18a−b). 
The boundaries between the magnetite and pyrrhotite have flame-like textures extending 
from the magnetite into the pyrrhotite. In the CM1 PPM grains, pyrrhotite has been 
replaced by magnetite veins (Fig. 5.18d−e) which are not porous, even on the TEM scale 
(Fig. 5.18f). The magnetite appears to be composed of numerous interlocking subgrains 
which do not display a flame-like texture when in contact with pyrrhotite. 
In the CM2 PPI alt mgt grains, the only pentlandite observed has textures 
consistent with primary pentlandite and appears to be largely resistant to replacement by 
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the magnetite with relict pentlandite visible as patches on the edge of the grain (Fig. 
5.18a) and as lamellae (Fig. 5.18b−c). In the CM1 PPM grains, on the other hand, both 
relict pentlandite, present as patches near grain peripheries, in addition to a blade-textured 
pentlandite (Fig. 5.18e−f), often occurring between the magnetite veining and pyrrhotite, 
were observed. 
Figure 5.18. SEM- and TEM-scale images comparing CM2 PPI alt mgt grains to CM1 
PPM grains. Images showing (a) a PPI alt grain from CM2 Murray with a large 
proportion of mgt having replaced po, (b) a high magnification BSE image of the grain 
showing the porosity and the resistance of pn lamellae to alteration, (c) a higher 
magnification HAADF STEM image of the grain illustrating the porosity and the flame-
like texture at mgt-po interfaces, (d) a PPM grain from CM1 ALHA 83100 with mgt 
veining concentrated at grain peripheries, (e) a high magnification BSE image of the 
grain showing the contacts between po, mgt, and the bladed pn, and (f) a higher 
magnification HAADF STEM image of a PPM grain from CM1 ALH 84029 illustrating 
the lack of porosity in the mgt even on the TEM scale. Po = pyrrhotite, pn = pentlandite, 
2pn = secondary pentlandite, mgt = magnetite. 
While the phases (pyrrhotite, pentlandite, and magnetite) are similar between the 
CM2s and the CM1s, the textures are distinctly different, especially regarding magnetite 
(porous patches in the CM2s versus non-porous veins in the CM1s). Additionally, the 
CM2 PPI alt mgt grains do not contain a secondary (i.e., blade-textured) pentlandite. The 
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presence of relict pyrrhotite with the characteristics of primary sulfide indicates that they 
had the same precursor, but the textural characteristics of the magnetite and the formation 
of blade-textured pentlandite in the CM1 PPM grains indicates that the alteration 
pathways and degree of alteration were different between the CM2 and CM1 chondrites. 
This implies that the CM1 PPM grains are not examples of more advanced alteration of 
the CM2 PPI alt mgt grains, but rather, the two experienced different alteration paths, 
which will be expanded on in a later section. 
Pentlandite+serpentine (PS) grains 
An important textural feature of the CM1 PS grains is the presence of coarse-
grained pentlandite located on the periphery of the grains. As was the case with the PPI 
grains, this is a diagnostic characteristic of primary sulfides. In the PS grains, no primary 
pyrrhotite remains, though the overall morphology of the primary PPI grain, with the 
pyrrhotite originally in the interior of the grains and the coarse-grained pentlandite on the 
rim, is still intact.  
In comparing the PS grains in CM1 chondrites to altered PPI grains we have 
previously observed in CM2 chondrites (Chapter 4), we noted textural similarities, such 
as the presence of coarse-grained pentlandite on the periphery of grains, which indicate 
that the textural groups had similar precursors. However, the differences in textures 
between the two and the presence of fine-grained secondary pentlandite in the CM1 PS 
grains indicate different alteration paths that suggest very distinct alteration histories for 
the two petrologic types. In one subset of the CM2 altered PPI grains, referred to as PPI 
alt phy grains hereafter, the pyrrhotite has been replaced by patches of phyllosilicates 
(Fig. 5.19a−b). The proportion of phyllosilicates varies by grain, but rarely shows 
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complete replacement of pyrrhotite even in the more-altered CM2 chondrites. Contrast 
this with the CM1 PS grains which are dominated by serpentine with complete 
replacement of pyrrhotite (Figure 5.19c−d). Additionally, the phyllosilicates in the CM2 
PPI alt phy grains appear layered and fibrous, while the serpentine in the CM1 PS grains 
varies from a smooth to a fibrous, unlayered texture.  
 
Figure 5.19. BSE images comparing CM2 PPI alt phy grains to CM1 PS grains showing 
(a) a PPI alt grain from CM2 Mighei with patches of phyllosilicates replacing po, (b) a 
high magnification BSE image of the grain showing the crystallographic orientation of 
the replacement and the resistance of pn to replacement, (c) a PS grain from CM1 ALH 
84029 with several pn patches on the periphery of the grain, and (e) a high magnification 
BSE image of the grain showing the hetergeneous distribution of the secondary phases 
(srp and 2pn). The extent of replacement as well as the phases and textures resulting from 
alteration differ markedly between the CM2s and the CM1s. Po = pyrrhotite, pn = 
pentlandite, 1 = primary, 2 = secondary, srp = serpentine.  
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In the CM2 PPI alt phy grains, pentlandite, visible as patches primarily on the 
periphery of the grains, appears to be largely resistant to replacement by the 
phyllosilicates. Pentlandite in the CM1 PS grains, on the other hand, is of two types: 1) 
primary, coarse-grained pentlandite along the periphery of grains similar to the CM2 PPI 
alt phy grains and 2) secondary, fine-grained pentlandite in the interior of the grains 
embedded in serpentine.  
Unfortunately, further comparisons between the two petrologic types are limited 
due to the lack of TEM work performed on the PPI alt phy grains in the CM2 chondrites 
in Chapter 4. We can, however, compare the TEM observations reported by Brearley 
(2011) on these CM2 PPI alt phy grains to our TEM work on the CM1 PS grains. 
Brearley (2011) found the presence of a fibrous oxysulfide, in addition to an iron oxide 
(likely magnetite) as alteration products. Our TEM studies of the PS grains show the 
alteration products to include serpentine, pentlandite, and minor amounts of magnetite. In 
conclusion, the PS grains seem to have had PPI grains as their precursor, but like the 
PPM grains, they are not examples of more advanced alteration of PPI alt grains and 
instead followed different alteration pathways as a result of differing alteration 
conditions.  
Compositions 
In addition to comparing the textures of iron sulfides in CM2 and CM1 
chondrites, we can also compare their compositions in order to better understand how the 
two sets of sulfides are related. Figures 5.20 and 5.21 compare the compositions of 
individual phases and bulk sulfide (i.e., pyrrhotite + pentlandite) grains, respectively. The 
CM2 analyses come from unaltered primary grains, with the exception of the 3P grains. 
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To summarize from our previous discussions: primary phases include all pyrrhotite, CM2 
PPI pentlandite, CM1 PPM patch-textured pentlandite, and CM1 PS coarse-grained 
pentlandite; secondary phases include CM1 PPM blade-textured pentlandite, CM1 2P 
pentlandite, and CM2 3P pentlandite. 
A comparison of CM2 PPI grains (i.e., primary sulfide compositions) to the CM1 
PPM and PS grains (Fig. 5.20a) illustrates several differences. The primary CM2 
pyrrhotite has a larger range in Co and Ni contents, which overlaps with the CM1 
pyrrhotite compositions. However, the CM2 pyrrhotite tends to plot along a trend that is 
more Co rich and Ni poor than the CM1 pyrrhotite. The primary CM2 pentlandite 
overlaps with the primary CM1 pentlandite (i.e., PPM patch-textured and PS coarse-
grained pentlandite), especially in Co content, consistent with our hypothesis that they are 
indeed primary pentlandite. The CM1 pentlandite typically has higher Ni contents, with a 
smaller compositional range in Ni and a larger range in Co. The secondary CM1 
pentlandite (i.e., PPM blade-textured pentlandite), on the other hand, plots at lower Co 
compositions (<0.6 wt. %). The compositional, as well as textural, differences between 
the blade-textured and patch-textured pentlandite in the PPM grains imply that the blade-
textured pentlandite is a secondary phase, consistent with this hypothesis. 
Comparing CM2 3P grains to the CM1 2P grains (Fig. 5.20b), several differences 
are apparent. The CM2 3P grains have a larger range in Ni content, but have 
compositions which overlap with the range for CM1 2P grains. The Co contents differ 
drastically between the two petrologic types, however. As Figure 5.20b illustrates, there 
is a clear divide between the 3P and 2P grain Co contents. Although a small number of 
analyses from the 2P grains have Co contents similar to analyses from the 3P grains  
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(0.92−1.56 wt. %), the majority of the analyses plot at higher Co contents (>2 wt. %).  
 
Figure 5.20. Co vs. Ni plots (in wt. %) comparing individual sulfide phases in CM2 and 
CM1 chondrites. Each point represents a spot analysis. The top two plots have the same 
scale to enable a comparison between the PPM, PS, and 2P groups, whereas the bottom 
images have their scales adjusted to show the variation within groups. (a) CM2 PPI grain 
po and pn are compared to CM1 PPM and PS sulfide phases. Po compositions in the 
CM1 and CM2 chondrites are similar, and pn in the CM2s is similar to patch-textured pn 
in PPM and coarse=grained pn in PS grains. Blade-textured pn in PPM grains has 
distinctly lower Co, however. (b) CM2 3P grain analyses compared to CM1 2P grain 
analyses. The Co in the most analyses from 2P grains is higher than any pn in the CM2s. 
Po = pyrrhotite, pn = pentlandite, p = patch textured, b = blade textured, c = coarse 
grained. 
Figure 5.21 shows the bulk compositions (determined by averaging spot analyses) 
of the 3P and 2P grains, with CM2 3P grain analyses from Chapter 4. It illustrates that 
with increasing alteration of the bulk meteorite, the 3P/2P grain compositions follow a 
trend of increasing Co and, to a lesser extent, Ni contents. This trend is apparent in the 
CM2 chondrites, which, based on the mineralogic alteration index of Browning et al. 
(1996) and the petrologic sequence of Rubin et al. (2007), increase in degree of alteration 
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from QUE 97990 (2.6) to Murchison (2.5) to Murray (2.5) to Mighei (not treated in 
Rubin et al., 2007 but listed as more altered than Murray in Browning et al., 1996). See 
Chapter 4 for more detail on these petrologic sequences. The 2P grains extend this trend 
with even higher Co contents, but with similar Ni contents to the CM2 chondrites of ~32 
wt. %. The Co content shows a progressive and systematic increase with degree of 
alteration, whereas the trend in the Ni content, though also generally increasing, is not so 
pronounced.  
 
Figure 5.21. Co vs. Ni plot (in wt. %) comparing bulk compositions of the 3P grains in 
CM2 and 2P grains in CM1 chondrites. Each point represents an average for a grain, 
based on several spot analyses, with error bars of 1σ. CM2 3P grains are represented as 
crosses and CM1 2P grains as blue circles. The numbers after the names of the CM2 
samples are from the alteration scheme of Rubin et al. (2007) with the data from Chapter 
4. CM2 sample symbols increase in darkness with increasing alteration of the overall 
meteorite in which they occur. Consistent with the individual spot analyses in Figure 
5.20, the 2P grains have higher bulk Co contents than the 3P grains and continue a trend 
of increasing Co and, to a lesser extent, Ni compositions with increasing degrees of 
alteration of the meteorite.  
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To summarize then, we observe that: 1) PPM grain blade-textured pentlandite 
compositions have lower Co contents but similar Ni contents compared with PPI grain 
primary pentlandite; 2) 3P grain pentlandite compositions have slightly higher Co 
contents but similar Ni contents with compared PPI grain primary pentlandite; and 3) 2P 
grain pentlandite compositions have higher Co contents and slightly higher Ni contents 
compared with 3P grain pentlandite. These trends of changing Co and Ni contents are 
consistent with textural observations arguing for secondary pentlandite for the blade-
textured pentlandite and the pentlandite in the 3P and 2P grains. However, we observe 
opposing behaviors. In the PPM grains, secondary pentlandite (blade textured) has lower 
Co contents compared to primary pentlandite (patch textured), but in the 2P grains we 
observe the highest Co contents among any sulfide phase in the CM2 and CM1 samples 
(see the comparison of all the textural groups in the top two images of Fig. 5.20, which 
are set to the same scale).  
Previous studies of the Fe-Ni-S system have demonstrated that the fO2 of the 
system affects the Co content of pentlandite with higher fO2 correlating to higher Co 
contents (Schrader et al., 2016). This would be consistent with the 2P grains having 
undergone alteration under higher fO2 than the PPM grains; however, the presence of 
magnetite in the latter implies that the PPM grains experienced alteration under oxidizing 
conditions. Instead, the Co content of the pyrrhotite that was altered to secondary 
pentlandite may be playing a more significant part than fO2. In the PPM grains, the relict 
pyrrhotite has low Co contents consistent with the compositions of the precursor PPI 
grains, where Co is preferentially incorporated into pentlandite during pyrrhotite-
pentlandite exsolution from mss (e.g., Soltanieh et al., 1990; Raghavan, 2004; Dare et al., 
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2010). When the pyrrhotite in the PPM grains altered to pentlandite, there was little 
available Co, and so the secondary pentlandite has lower Co contents than the primary 
pentlandite in the same grains. In the case of the 2P grains, fO2 rather than the Co 
composition of the precursor pyrrhotite may have had a stronger effect on the Co content 
of the secondary pentlandite. In either case, clearly, different processes are at work that 
are a function of alteration mechanisms and/or conditions. In the following section, we 
explore differences in alteration mechanisms and conditions which might explain the 
different compositions of the secondary pentlandite phases 
Alteration Mechanisms and Conditions 
As mentioned previously, we propose that the 2P, PPM, PS, and PPMS grains in 
CM1 chondrites were all initially PPI grains, which experienced alteration under different 
conditions resulting in different textural groups. We now discuss the possible 
mechanisms and conditions that resulted in the formation of these altered sulfides and 
how these compare to the altered sulfides in CM2 chondrites. 
Porous pentlandite (2P) grains 
 We propose that the 2P grains were initially PPI grains which altered into the 3P 
grains and then, with further alteration, into the 2P grains. The 2P grains are 
characterized by pores and the absence of pyrrhotite implying that the grains experienced 
dissolution as well as replacement of pyrrhotite by pentlandite. The similarities between 
the 3P and 2P grains argues for a similar formational history. That does not necessarily 
imply that the CM1 and CM2 grains are related, but rather had similar formation 
mechanisms. Figure 5.22 illustrates a schematic representation of the stages of alteration.  
The alteration would have been instigated by a change in conditions that  
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Figure 5.22. Schematic diagram representing the stages of alteration of PPI grains to 
form the 3P and 2P grains. (a) PPI grain is stable prior to alteration having originally 
formed in the solar nebula from crystallization of sulfide melts during chondrule 
formation. (b) Changes in environmental conditions (pH, fO2, iron activity, etc.) cause 
dissolution of po forming numerous submicron pores. The dissolution of po also causes 
remaining, adjacent po to transform into 2pn. Primary po is still present at this stage. 3P 
grains are a sample of the alteration to this point in the alteration sequence. (c) Continued 
alteration causes all primary po to be replaced by 2pn. Only pores and pn remain at this 
stage. 2P grains are a sample of the extensive alteration to this point. Po = pyrrhotite, 1pn 
= primary pentlandite, 2pn = secondary pentlandite.  
promoted dissolution of the PPI grain. This could have been the result of changes in 
several different variables, including a decrease in the pH, an increase in the fO2, and/or 
changes in the fluid composition, represented by the activities of certain components in 
solution. Figure 5.23 is a log fO2 – pH diagram showing the different possible scenarios 
in which pyrrhotite would become unstable and begin to experience dissolution 
(represented by the Fe2+ stability field). A decrease in the pH would cause pyrrhotite 
(Point A1) to become unstable and move into the Fe2+ stability field (Point A2). An 
increase in the fO2 would also cause the pyrrhotite (Point B1) to become unstable and fall 
in the Fe2+ stability field (Point B2). Lastly, a change in fluid composition (e.g., change in 
iron activity from 10-6 to 10-8) would cause the pyrrhotite (Point C) to become unstable 
and also fall in the Fe2+ stability field. According to this diagram, it is not possible to 
achieve dissolution with a change in temperature for the range of temperatures expected 
during aqueous alteration for most of the CM chondrite parent body (i.e., <100°C; 
DuFresne and Anders, 1962; Clayton and Mayeda, 1984; Guo and Eiler, 2007).  
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As the 3P and 2P grains show, the dissolution of pyrrhotite was also associated 
with replacement of pyrrhotite by pentlandite. Figure 5.23 does not show pentlandite due 
to the limitations inherent in the Geochemist Workbench®; pentlandite is not included in 
the software and so is not represented in any diagrams generated. A possible reaction, in 
two simplified forms and then a more stoichiometrically accurate form, follows: 
݌ݕݎݎ݄݋ݐ݅ݐ݁ ൅ ܰ݅ଶାሺܽݍሻ → ݌݁݊ݐ݈ܽ݊݀݅ݐ݁ ൅ ܨ݁ଶାሺܽݍሻ 
ܨ݁଻଼ܵሺݏሻ ൅ ܰ݅ଶାሺܽݍሻ → ܨ݁ସ.ହܰ݅ସ.ହ଼ܵሺݏሻ ൅ ܨ݁ଶାሺܽݍሻ 
ܨ݁ହଶାܨ݁ଶଷା଼ܵሺݏሻ ൅ 4.5ܰ݅ଶାሺܽݍሻ ൅ ܪଶܱሺ݈ሻ → ܨ݁ସ.ହଶାܰ݅ସ.ହଶା଼ܵሺݏሻ ൅ 2.5ܨ݁ଶାሺܽݍሻ ൅ 12ܱଶሺܽݍሻ ൅ 2ܪ
ାሺܽݍሻ 
The above equations illustrate that in order to form pentlandite from pyrrhotite, the 
system must gain Ni and lose Fe2+. Additionally, the insolubility of Fe3+ for the range of 
pHs expected for CM chondrites requires the reduction of the Fe3+ in pyrrhotite to Fe2+ 
(e.g., Janzen et al., 2000; Belzile et al., 2004). The reaction also shows a decrease in the 
pH moving from products to reactants with the generation of H+.  
The Ni2+ (aq) in the above equations could have initially come from the 
breakdown of Fe,Ni metal during aqueous alteration since metal is observed to be one of 
the earliest phases to alter in CM2 chondrites (e.g., Tomeoka and Buseck, 1988; 
Hanowski and Brearley, 2001; Rubin et al., 2007). However, in the CM1 chondrites, 
Fe,Ni metal has already been replaced. In this case, the Ni likely came from the 
breakdown of tochilinite, which contains ~5±2 wt. % Ni in CM2 chondrites (Palmer and 
Lauretta, 2011). Tochilinite, only stable under reducing conditions and at temperatures 
below 120°C (Browning and Bourcier, 1996; Zolensky et al., 1997), is very prevalent in 
the CM2 chondrites. However, it is not observed in the CM1 chondrites, consistent with 
their higher alteration temperatures as compared to CM2 chondrites. 
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Figure 5.23. LogfO2 versus pH diagram, calculated using the Geochemist Workbench®, 
for pyrrhotite interacting with Fe2+-bearing aqueous fluid. Std, indicated by the solid 
lines, refers to standard conditions: aFe2+ = 10-8, T = 25°C, P = 1 bar, aH2O = 1. Thick 
dashed lines show changing aFe2+ in aqueous solution, light dashed lines show changing 
temperature. An increase in aFe2+ expands the solid stability fields to lower pH and sees 
the Fe(OH)4- (aq) field disappear. An increase in T shifts the stability of fields of po, mgt, 
and hm to higher fO2 and lower pH. Points A1−C are discussed in the text. Po = 
pyrrhotite, mgt = magnetite, hm = hematite. 
In summary, the 2P grains are the products of advanced alteration of the PPI 
grains by dissolution and replacement of pyrrhotite with secondary pentlandite. This 
reaction requires the addition of Ni2+ which likely came from the breakdown of 
tochilinite. The alteration of the PPI grains to the 3P grains in CM2 chondrites provides 
evidence for acidic and/or oxidizing conditions, whereas the continuation of that 
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alteration from the 3P grains in CM2 chondrites to the 2P grains in CM1 chondrites 
provides evidence for changing fluid compositions, specifically a Ni-bearing fluid.  
Pyrrhotite-pentlandite-magnetite-serpentine (PPM, PS, and PPMS) grains 
The PPM, PS, and PPMS grains are all characterized by remnant pentlandite 
exsolution textures with replacement of pyrrhotite by pentlandite, magnetite, and/or 
serpentine. The PPMS grains represent a transition between the PPM and PS grains 
implying that the two are genetically related. We propose that the PPM, PS, and PPMS 
grains were all initially PPI grains, which altered into the PPM grains and then, with 
further alteration, into the PPMS grains and finally into the PS grains.  
The occurrence of different sulfide textural groups within meteorite samples 
which have experienced different degrees of aqueous alteration further supports this 
hypothesis. MET 01073 contains textural features distinct from the ALH samples. We 
can postulate that the sulfide textural groups in this CM1 sample reflect more extensive 
alteration. Tellingly, MET 01073 contains PS and 2P grains and does not contain PPM 
grains. From their occurrence within the meteorite samples, then we can hypothesize that 
the PPM grains formed from moderate alteration, while the PS grains formed from more 
extensive alteration. 
Figure 5.24 illustrates a schematic representation of the stages of alteration. 
Similar to the case with the 3P/2P grains, the first stage of alteration involved pyrrhotite 
altering to secondary pentlandite (e.g., blade-textured pentlandite) via the same reaction 
described above. In the case of the PPM grains, however, there is no porosity associated 
with this pentlandite. Additionally, magnetite veining was observed in all PPM grains, 
usually within pentlandite but less commonly within pyrrhotite. Following the formation 
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of the secondary pentlandite, the PPM grains would have experienced a change in 
conditions that promoted the oxidation of the secondary pentlandite to form magnetite. A 
possible reaction, in two simplified forms and then a more stoichiometrically accurate 
form, for the formation of the PPM grain magnetite from secondary pentlandite is 
presented below: 
݌݁݊ݐ݈ܽ݊݀݅ݐ݁ ൅ ܱଶሺܽݍሻ → ݉ܽ݃݊݁ݐ݅ݐ݁ ൅ ܰ݅ଶାሺܽݍሻ ൅ ܵଶିሺܽݍሻ 
ܨ݁ସ.ହܰ݅ସ.ହ଼ܵሺݏሻ ൅ ܱଶሺܽݍሻ → ܨ݁ଷ ସܱሺݏሻ ൅ ܰ݅ଶାሺܽݍሻ ൅ ܵଶିሺܽݍሻ 
2ܨ݁ସ.ହଶାܰ݅ସ.ହଶା଼ܵሺݏሻ ൅ 152 ܱଶሺܽݍሻ ൅ 6ܪ
ାሺܽݍሻ → 3ܨ݁ଶାܨ݁ଶଷା ସܱሺݏሻ ൅ 9ܰ݅ଶାሺܽݍሻ ൅ 16ܵଶିሺܽݍሻ ൅ ܪଶܱሺ݈ሻ 
The above equations illustrate that in order to form magnetite from pentlandite, the 
system must gain O2 and lose Ni2+ and S2-. Additionally, the insolubility of Fe3+ limits the 
availability of this species in solution. Instead, the Fe3+ required for magnetite formation 
was likely sourced from Fe2+ in the pentlandite that was oxidized. The reaction also 
shows an increase in the pH to more alkaline conditions moving from products to 
reactants with the consumption of H+ being required.  
The requirement for O2 and the formation of secondary pentlandite initially 
implies that alteration was occurring under oxidizing conditions (Godlevskiy et al., 1971; 
Zolensky and Thomas, 1995; Schrader et al., 2016). The CM2 chondrites are often 
considered to have a mostly reduced overall bulk composition primarily due to the 
prevalence of tochilinite (MacKinnon and Zolensky, 1984; Tomeoka and Buseck, 1985; 
McSween, 1987; Browning and Bourcier, 1996). However, tochilinite is notably absent 
from CM1 chondrites (Zolensky et al., 1997) implying that these samples were exposed 
to more reducing conditions or higher alteration temperatures (T>120°C; Zolensky, 1984; 
Zolensky et al., 1989; Browning and Bourcier, 1997) promoting the breakdown of 
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tochilinite. The breakdown of tochilinite is also consistent with the higher abundance of 
sulfur in the matrices of the more-altered CM chondrites (Rubin et al., 2007). 
Additionally, the sulfur released from the reactions shown above for the formation of the 
PPM grains above could also contribute to the high sulfur content of the matrix. 
 
Figure 5.24. Schematic diagram representing the stages of alteration of PPI grains to the 
PPM, PPMS, and PS grains. (a) PPI grain is stable prior to alteration having originally 
formed in the solar nebula from crystallization of sulfide melts during chondrule 
formation. (b) The introduction of Ni-bearing fluid causes pn to replace po. (c) Changes 
in conditions (fO2) cause mgt to formed from secondary pn. PPM grains are a sample of 
the alteration to this point. (d) Continued alteration causes more po to be replaced by 2pn 
and that in turn by mgt. (e) Additional changes in environmental conditions (fluid 
composition) cause replacement of mgt by srp. The 1pn and 2pn are resistant to this 
alteration. PPMS grains are a sample of the alteration to this point. (f) Continued 
alteration causes more mgt to be replaced by srp until only 1pn, 2pn, and srp remain. PS 
grains are a sample of the alteration to this point. Po = pyrrhotite, 1pn = primary 
pentlandite, 2pn = secondary pentlandite, mgt =magnetite, srp = serpentine. 
As mentioned briefly previously, we propose that the PPM grains represent an 
intermediate stage in the alteration of primary sulfides that ultimately end up, with more 
extensive alteration, as the PS grains. This hypothesis is supported by the presence or 
absence and relative abundance of the different textural groups of altered sulfides in 
meteorites with varying degrees of alteration. The less-altered CM1 chondrites have a 
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higher abundance of PPM grains compared to PS grains, while the more-altered CM1 
chondrite (MET 01073) does not contain PPM grains, but does contain PS grains. 
Additionally, the PPM grains contain primary pyrrhotite, while it is notably absent in the 
PS grains. Again, the presence of the PPMS grains implies that the PPM and PS grains 
are genetically related to one another. Therefore, we can assume that the PS grains 
represent the products of the continued alteration of the PPM grains.  
Such a scenario, presented in Figure 5.24, likely involved the complete 
replacement of magnetite with serpentine. This would have occurred in several steps. 
First, primary pyrrhotite would be replaced by secondary pentlandite, which is itself 
replaced by magnetite, apparent in some PPM grains (Fig. 5.6e−f). Then, with changes in 
conditions, such as the fluid composition, magnetite could become unstable and react 
with ions in solution, specifically Mg2+ and Si4+, to form serpentine. The Mg2+(aq) and 
Si4+ (aq) likely originally came from the breakdown of forsteritic olivine since it is one of 
the last phases to alter in CM chondrites (e.g., Hanowski and Brearley, 2001; Howard et 
al., 2011), consistent with the very end stages of alteration. With complete replacement of 
magnetite by serpentine, the phases in the altered sulfide grains would be primary 
pentlandite, secondary pentlandite (as formed in the PPM grains), and serpentine.  
The alteration of the PPM grains into the PS grains would have been instigated by 
a change in fluid composition as illustrated in Figure 5.25. An increase in the activity of 
Mg2+ and Si4+ in the fluid from 10-8 for each (Fig. 5.25a) to 10-6 (Fig. 5.25b), as a result 
of progressive dissolution of forsteritic olivine, causes the stability field of magnetite at 
lower fO2 values to contract, and the field of Fe serpentine expands. Depending on the  
fO2 of the system, the magnetite could become unstable under these fluid compositions  
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Figure 5.25. LogfO2 versus pH diagrams, calculated using the Geochemist Workbench®, 
for magnetite interacting with Mg2+- and Si4+-bearing aqueous fluid. Stability fields are 
for T = 25°C (solid lines) or T = 100°C (dashed lines) and (a) aMg2+ = 10-8, aSi4+ = 10-8, 
(b) aMg2+ = 10-6, aSi4+ = 10-6, and (c) aMg2+ = 10-6, aSi4+ = 10-4. Stippled lines indicate the 
stability field for liquid water below which H2 gas is stable. An increase in aMg2+ and aSi4+ 
changes the stability field of mgt to srp or phy. High temperature can also limit the 
formation of srp or phy. Points A and B are discussed in the text. Mgt = magnetite, hm = 
hematite, srp = serpentine, phy = phyllosilicates. 
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(Point A) and alter into a serpentine though there are a range of fO2 values, where the 
magnetite is still stable (Point B). Increasing the activity of Si4+ in the fluid from 10-6 
(Fig. 5.25b) to 10-4 (Fig. 5.25c) causes the stability field of magnetite to be completely 
replaced by an Mg,Fe phyllosilicate. There are fluid compositions where magnetite is 
unstable regardless of fO2 and alters into phyllosilicates/serpentines (Points A and B). 
High temperatures (i.e., 100°C) suppress the formation of serpentine or phyllosilicates.  
A possible reaction for the formation of PS grains from PPM grains is presented 
below in only simplified terms due to the uncertainty in the chemical formula, and more 
specifically the valence state of iron, for the serpentine: 
݉ܽ݃݊݁ݐ݅ݐ݁ ൅ ܵ݅ସାሺܽݍሻ ൅ ܯ݃ଶାሺܽݍሻ ൅ ܪଶܱሺ݈ሻ → ݏ݁ݎ݌݁݊ݐ݅݊݁ 
ܨ݁ଷ ସܱሺݏሻ ൅ ܵ݅ସାሺܽݍሻ ൅ ܯ݃ଶାሺܽݍሻ ൅ ܪଶܱሺ݈ሻ → ሺܨ݁,ܯ݃ሻଷܵ݅ଶܱହሺܱܪሻସሺݏሻ 
2ܨ݁ଶାܨ݁ଶଷା ସܱሺݏሻ ൅ 2ܵ݅ସାሺܽݍሻ ൅ ܯ݃ଶାሺܽݍሻ ൅ 3ܪଶܱሺ݈ሻ → ܨ݁ଶଶାܯ݃ଶାܵ݅ଶܱହሺܱܪሻସሺݏሻ ൅ 3ܨ݁ଶାሺܽݍሻ ൅ 2ܪାሺܽݍሻ ൅ ܱଶሺܽݍሻ 
Textural evidence suggests that the primary pentlandite is unaffected by these reactions; 
however, the secondary pentlandite that formed in the PPM grains appears to be reacting 
somewhat with the serpentine. Primary pentlandite in PS grains tends to have sharp 
contacts with serpentine (Fig. 5.10e), whereas the secondary pentlandite tends to have 
irregular, jagged contacts with serpentine in addition to many embayments (Fig. 5.10g). 
This is especially true of the secondary pentlandite in contact with the fibrous serpentine. 
Terrestrial analogues for the PPM and PS grains have been observed in 
serpentinized layered mafic intrusions, such as the UG2 and Merensky Reef of the 
Bushveld Complex in South Africa (Li et al., 2004), and serpentinized ultramafic 
cumulate bodies, such as the Black Swan disseminated orebody in Western Australia 
(Barnes et al., 2009). In the former case, pyrrhotite, pentlandite, and chalcopyrite have 
been replaced by magnetite or serpentine. In the latter case, pyrrhotite has been replaced 
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by magnetite, ferroan brucite, and ferroan magnesite via oxidation and carbonation 
reactions. Barnes et al. (2009) argue that the reaction of pyrrhotite to magnetite, brucite, 
and magnesite yielded Ni-rich sulfides (i.e., pentlandite, heazlewoodite, millerite) in a 
subset of the sulfide assemblages in the Black Swan orebody. In some PPM grains, we do 
observe the presence of magnetite in direct contact with pyrrhotite, so it is plausible that 
in some instances, magnetite forms directly from pyrrhotite. In either case, these 
observations of terrestrial sulfide alteration assemblages are consistent with the 
dominance of pentlandite rather than pyrrhotite in the CM chondrite PS grains. 
 Lastly, we discuss why there are differences in the alteration of iron sulfide to 
phyllosilicates between the CM2 (PPI alt phy grains) and CM1 (PS grains) chondrites. 
The two textural groups appear to be quite distinct with different phases present 
(pyrrhotite, pentlandite, and phyllosilicate in PPI alt phy grains; pentlandite and 
serpentine in PS grains), different textural features (only coarse-grained pentlandite and a 
fibrous, layered phyllosilicate in PPI alt phy grains; both coarse- and fine-grained 
pentlandite and both smooth and fibrous, unlayered serpentine in PS grains), and different 
degrees of replacement (partial replacement of pyrrhotite in PPI alt phy grains; complete 
replacement of pyrrhotite in PS grains). This can be explained by the fact that the PPI alt 
phy grains formed from the direct replacement of pyrrhotite by phyllosilicates, while the 
PS grains formed in a sequence of reactions where first pyrrhotite was replaced by 
pentlandite, then magnetite, and finally serpentine. These distinct alteration reaction 
mechanisms are further supported by the lack of sulfur or nickel in the serpentine of the 
PS grains and the presence of sulfur in the phyllosilicates of the PPI alt phy grains, 
reported by Brearley (2011). 
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Trends in modal abundances with different degrees of aqueous alteration 
Clearly, there are similarities and differences between the alteration mechanisms 
and conditions of the four textural groups of sulfides discussed. Overall, we observe that 
primary pyrrhotite is unstable under some specific alteration conditions and breaks down 
into 1) secondary pentlandite in the 2P grains, 2) secondary pentlandite then magnetite in 
the PPM grains, and 3) serpentine in the PS grains from the magnetite in the PPM grains. 
On the contrary, primary pentlandite is largely stable and resistant to alteration. 
Therefore, comparing the modal abundances of the different sulfides in the CM2 
chondrites to the CM1 chondrites, we would expect to see a decrease in the proportion of 
pyrrhotite and an increase in the proportions of pentlandite, magnetite, and serpentine, 
resulting from more extensive alteration.  
Figure 5.26 illustrates the relative abundances of the different sulfide grain types 
in the CM2 chondrites, from Chapter 4, and CM1 chondrites studied in this work. With 
increasing alteration, moving from the left to the right of the graph, it shows a decrease in 
PPI grains and increases in the altered sulfides: 3P, PPI alt mgt, PPI alt phy, 2P, PPM, 
PPMS, and PS grains. Note, that we have not measured the true modal abundance of 
these phases, but are basing our assessment on the relative occurrence of the different 
types of sulfide grains. With that in mind, a decrease of PPI grains corresponds to a 
decrease of pyrrhotite and increases of the altered sulfides corresponds to increases of 
pentlandite, magnetite, and serpentine. The expected increase in the modal abundance of 
magnetite would correlate with an increase in the oxidation state of the bulk meteorite. 
Beck et al. (2012) performed measurements using XANES techniques on CM2 and CM1 
chondrites’ bulk oxidation states and found that the oxidation state increases from the  
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CM2 to the CM1 chondrites, consistent with our observations.  
 
Figure 5.26. Bar plot illustrating the relative proportions of iron sulfide textural groups in 
CM2 (greens) and CM1 (blues) chondrites. CM2 data are from Chapter 4 with samples 
listed in order of increasing alteration of the bulk sample moving from left to right. CM1 
data are from this study. Note the decrease in PPI grains in the CM2s and the increase in 
altered sulfides in both groups moving from left to right. These observations are 
consistent with the following changes in modal abundances: decrease in pyrrhotite and 
increases in pentlandite, magnetite, and serpentine. 
The expected changes in modal abundances of pyrrhotite, pentlandite, magnetite, 
and serpentine are largely consistent with studies of mineralogical modal abundances in 
bulk CM2 and CM1 chondrites. From CM2 to CM1 chondrites, the modal abundances (in 
average vol. % from 24 meteorites) change, as follows: sulfides increase from 1.8% to 
2.0%, magnetite increases from 1.5% to 2.4%, and Mg-rich serpentine increases from 
38.9% to 61.9% (data from: Howard et al., 2011; King et al., 2017). The iron sulfides are 
further broken down into pyrrhotite and pentlandite in 13 meteorites from Howard et al. 
(2011), but their findings show that, from CM2 to CM1 chondrites, pyrrhotite increases 
from 1.3% to 1.8% and pentlandite decreases from 0.4% to 0.3%. This disagreement 
between our observations and the modal abundance of sulfides can be explained by the 
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fact that we selected a subset of grains for study; we do not take into account the presence 
of additional iron sulfide textural groups, as discussed previously in the Results section. 
The modal abundances of pyrrhotite and pentlandite also take into account the plain 
pyrrhotite in MET 01073 and the coarse-layered sulfides and sulfide-rimmed serpentine 
assemblages in the ALH pairing group, as well as any other sulfide grain types that we 
did not use as the basis for this work. 
Comparing alteration conditions among the CM1 iron sulfides 
According to our observations, fO2, pH, and fluid composition are the primary 
factors influencing the formation of these different textural groups. Temperature may not 
have been a significant factor though it likely plays a role since the difference in 
alteration temperatures between the CM1 and CM2 chondrites has been previously well 
established. The 2P grains likely experienced acidic and/or more oxidizing conditions in 
the presence of a Ni-bearing fluid; PPM grains, alkaline and more oxidizing conditions in 
the presence of a Ni-bearing fluid; PS grains, alkaline and more oxidizing conditions in 
the presence of a Mg- and Si-bearing fluid; and PPMS grains, an overlap of conditions 
that were alkaline and more oxidizing in the presence of both Ni-bearing and Mg- and Si-
bearing fluids. How then do we reconcile the variation in alteration conditions for 
sulfides that are sometimes in close spatial proximity to one another within the same 
meteorite? 
Brecciation could have played a role, especially since CM chondrites are often 
highly brecciated, but only if all the alteration occurred prior to the breakup and 
reassembly of the samples. More likely, microchemical environments play a major role in 
the heterogeneity of the samples in regards to alteration conditions. Brearley (2006b) 
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describes microchemical environments as localized regions (10s of microns) 
characterized by small differences in conditions. However, this explanation generates still 
more questions, such as why there are microchemical environments in the first place. 
CM chondrites are a combination of materials with different compositions, 
oxidation states, and grain sizes that are heterogeneously mixed on an intimate scale. 
Additionally, water, as the major oxidant, was likely heterogeneously distributed from 
initial accretion as water ice or, if mobile, infiltrated the rocky material heterogeneously. 
Not surprisingly then, the assemblages resulting from alteration reactions are variable on 
a localized scale. Even isotopic signatures, such as carbon from carbonates in CM1 ALH 
84049, reflect this localized variation (Tyra et al., 2016). Despite even extensive 
alteration, these localized heterogeneities in the conditions of alteration contribute to 
localized environments even at advanced stages of alteration, which result in the variable 
styles of replacement of sulfides that we have observed.  
All of the textural groups of altered iron sulfides discussed here imply alteration 
under conditions more oxidizing than those under which pyrrhotite is stable but less 
oxidizing than would permit the formation of phases such as hematite or iron sulfates. 
The difference in extent of alteration from grain to grain, especially for the formation of 
magnetite in the PPM grains, could, at least partially, be due to localized differences in 
fO2 as a result of the heterogeneity of water, the primary oxidizing agent. 
The aforementioned reactions imply alteration under varying pH: more acidic for 
the 2P grains, evidenced by H+ in the products, and more alkaline for the PPM grains, 
evidenced by H+ in the reactants. Variations in pH from mildly acidic (pH 6−8; DuFresne 
and Anders, 1962) to moderately alkaline (pH 7 to 12; Zolensky et al., 1989; Chizmadia 
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and Brearley, 2008; Chizmadia et al., 2008) have been previously documented for the 
CM chondrites. However, the majority of the studies argue for alkaline fluids, as 
evidenced by thermodynamic modeling of mineral assemblages (Zolensky et al., 1989), 
the hydration reaction of matrix amorphous silicate materials (Chizmadia and Brearley, 
2008), and the survival of micron-sized Fe,Ni metal in fine-grained rims (Chizmadia et 
al., 2008). Acidic fluids have been theorized to form by the melting of ices containing 
HCl hydrates (Zolotov and Mironenko, 2007), though this is most pertinent for the 
earliest stages of alteration. Most likely, localized differences in pH exist due to specific 
reactions, such as chondrule glass, which is rich in silica, reacting with water to form 
silicic acid (Brearley, 2006b). So while alteration of the bulk CM chondrite is said to 
occur under alkaline conditions, this is the overall trend and does not take into account 
variations on a micron scale. 
The altered iron sulfides also show alteration under varying fluid compositions: 1) 
reaction of pyrrhotite to pentlandite in the 2P and PPM grains requires a Ni-bearing and 
yields a Fe-bearing fluid; 2) reaction of pentlandite to magnetite in the PPM grains yields 
a Ni- and S-bearing fluid; and 3) reaction of magnetite to serpentine requires a Si- and 
Mg-bearing fluid. As the iron sulfides do not exist in isolation in the CM chondrites, 
other reactions occurring from the alteration of adjacent phases influenced the evolution 
of these fluids significantly. Several stages of progressive alteration have been 
documented previously in CM chondrites and include, first, alteration of the most 
susceptible phases (i.e., chondrule mesostasis, Fe,Ni metal) in even the least-altered 
CM2s followed by more resistant phases (i.e., fayalitic olivine, low Ca pyroxene) in the 
more-altered CM2s and, lastly, alteration of the most resistant phases (i.e., forsteritic  
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olivine, augite, orthopyroxene) in the CM1s (e.g., Hanowski and Brearley, 2001).  
The alteration reactions of the more resistant phases are most significant for CM1 
chondrites as the mesostasis and metal have already largely been completely altered at 
such advanced degrees of alteration. Palmer and Lauretta (2011) argue that metal altered 
to cronstedtite, under conditions of high SiO2 and low S activity, or tochilinite, under 
conditions of high S activity. With more advanced alteration, the cronstedtite altered to 
Mg serpentine by coupled substitution, which released Si4+ into solution (Browning et al., 
1996; Brearley, 2006a). On the other hand, though the tochilinite clearly breaks down, 
evidenced by the fact that it is not present in the CM1s, its alteration product has not been 
definitively identified. Previous works have argued that it alters into iron sulfides (e.g., 
Rubin et al., 2007; King et al., 2017), though our work implies that, if so, it alters into 
iron sulfides texturally distinct from the altered primary sulfides discussed here. Instead, 
it may breakdown into nanosulfides distributed throughout the matrix or alter into the 
coarse-layered sulfides (Fig. 5.14d) or sulfide-rimmed serpentine assemblages (Fig. 
5.14f) discussed previously in the Results section, Other Iron Sulfides subsection. 
Regardless, its alteration likely released Ni2+ into solution along with other components. 
Forsterite, one of the phases most resistant to alteration, altered to Mg serpentine in the 
CM1 chondrites (Hanowski and Brearley, 2001), which released Mg2+ into solution. The 
combination of these reactions (cronstedtite to Mg serpentine, tochilinite breakdown, 
forsterite to Mg serpentine) can account for the changes in fluid composition (Si4+, Ni2+, 
and Mg2+ released, respectively) required for the predicted reactions responsible for that 
formation of the altered primary sulfides in the CM1 chondrites. 
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In summary, the 2P, PPM, PS, and PPMS grains were all initially PPI grains that 
experienced different alteration conditions, which yielded different alteration products 
and textures. The presence or absence of these textural groups provide clues into the 
aqueous alteration environment and illustrate the highly complex system in which these 
primary phases were altered. Future studies into the most highly-altered CM2 chondrites 
(e.g., Nogoya, Cold Bokkeveld) could shed even more light on the effects of an 
intermediate stage of alteration between CM2s and CM1s on primary iron sulfides. 
Additionally, studies of primary iron sulfides in more highly-altered CR chondrites (such 
as the only known CR1 chondrite, GRO 95577; Weisberg and Huber, 2007) would allow 
us to better understand how the CM and CR chondrites are related in terms of their styles 
of aqueous alteration, a topic that was touched on briefly in Chapter 4. There are still 
many questions concerning aqueous alteration as it pertains to the carbonaceous 
chondrites, but with improved analytical techniques at our disposal and an ever better 
understanding of the aqueous alteration environments for the different parent bodies, we 
continue to make steady inroads into a broader understanding of this topic. 
Conclusions 
 Similar to observations of iron sulfides in the highly-altered CM2 chondrites, we 
have demonstrated that primary pyrrhotite in the CM1 chondrites is unstable during 
aqueous alteration, breaking down into secondary pentlandite, magnetite, and serpentine, 
whereas primary pentlandite is largely resistant to the alteration. Using a combination of 
textural and compositional information obtained using several different instruments 
(FEGSEM/FIB, EPMA, and STEM), we determined that the 2P grains are likely the 
products of the advanced dissolution of primary pyrrhotite with replacement by 
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secondary pentlandite; the PPM grains are likely the products of oxidation of primary 
pyrrhotite by a Ni-bearing fluid resulting in the formation of secondary pentlandite 
followed by magnetite; the PS grains are likely the products of continued alteration of the 
PPM grains with a change in fluid composition resulting in the replacement of magnetite 
by serpentine; and the PPMS grains represent an intermediate step between the PPM and 
PS grains.  
These different textural groups of sulfides all appear to stem from the primary PPI 
grains similar to, but not necessarily from, the same population of grains found in the 
weakly- to moderately-altered CM2 chondrites. They illustrate the complex nature of the 
aqueous alteration environment that these meteorites were exposed to. There is evidence 
for changes or fluctuations in pH from the dissolution of pyrrhotite in the 2P grains, in 
oxygen fugacity from the formation of magnetite, and changing fluid compositions from 
the formation of secondary pentlandite and serpentine. These varying conditions were 
widespread given the presence of most of these grain types across different meteorites but 
were controlled on a highly localized scale following their microchemical environments.
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Appendix I. Individual Phase Compositions 
EPMA Analyses in element wt. % 
CM1 
PPM 
Grain Phase Point P S Cr Fe Co Ni Total 
ALH83_S1 Pn p 1 bdl 32.49 bdl 30.68 1.05 33.59 97.8 
ALH83_S1 Pn p 2 bdl 33.16 0.03 30.48 1.15 33.71 98.5 
ALH83_S1 Pn b 3 bdl 32.94 bdl 33.82 0.37 31.59 98.7 
ALH83_S3 Pn p 1 bdl 32.80 bdl 31.74 0.87 32.84 98.3 
ALH83_S3 Pn p 2 bdl 32.37 bdl 31.87 0.85 32.73 97.8 
ALH83_S4 Pn b 1 bdl 33.16 bdl 35.25 0.28 29.63 98.3 
ALH29_S15 Pn p 1 bdl 33.29 bdl 34.63 0.57 29.44 97.9 
ALH29_S15 Pn b 2 bdl 32.84 bdl 32.63 0.51 31.59 97.6 
ALH49_S1 Pn b 1 bdl 33.01 0.07 34.98 0.24 30.03 98.3 
ALH49_S6 Pn p 1 bdl 31.52 bdl 30.45 1.67 33.16 96.8 
ALH49_S6 Pn b 2 bdl 32.36 bdl 32.97 0.53 31.11 97.0 
ALH49_S6 Po 1 bdl 37.46 bdl 56.91 bdl 2.24 96.6 
LAP_S2 Po 1 bdl 37.38 0.07 54.87 0.21 5.17 97.7 
LAP_S2 Po 2 bdl 37.43 0.06 55.82 0.21 4.42 97.9 
LAP_S5 Pn p 7 bdl 32.72 0.04 35.90 1.01 26.03 95.7 
LAP_S5 Po 1 0.022 37.97 0.05 58.69 0.08 1.71 98.5 
LAP_S5 Po 2 bdl 37.88 0.04 58.56 0.07 1.68 98.2 
LAP_S5 Po 3 bdl 37.97 0.06 56.92 0.12 3.05 98.1 
LAP_S5 Po 4 bdl 37.87 0.08 57.52 0.15 2.86 98.5 
LAP_S5 Po 5 bdl 37.78 0.07 58.57 0.10 1.93 98.4 
LAP_S5 Po 6 bdl 38.00 0.07 58.67 0.07 1.73 98.5 
PS 
ALH29_C1S1 Pn c 1 bdl 32.47 0.03 30.28 0.98 33.45 97.2 
ALH29_C1S1 Pn c 2 bdl 32.53 bdl 29.69 1.23 33.50 97.0 
ALH29_S2 Pn c 1 bdl 32.18 bdl 29.98 0.92 33.74 96.8 
ALH49_S13 Pn c 2 bdl 32.20 bdl 29.91 1.29 33.35 96.8 
ALH49_S3 Pn c 1 bdl 32.31 bdl 30.99 0.84 32.50 96.7 
ALH49_S3 Pn c 2 bdl 32.28 bdl 31.48 0.87 32.47 97.1 
PPMS 
ALH29_S20 Pn b 1 bdl 32.80 0.04 31.68 0.75 32.14 97.4 
2P 
ALH29_S13 Pn 1 bdl 32.62 bdl 30.55 2.86 31.21 97.2 
ALH29_S13 Pn 2 bdl 32.61 bdl 29.77 2.80 31.12 96.3 
ALH29_S13 Pn 3 bdl 32.68 bdl 30.10 2.80 31.35 97.0 
ALH29_S13 Pn 4 bdl 32.75 bdl 29.76 2.61 31.09 96.2 
ALH29_S13 Pn 6 bdl 31.48 bdl 29.45 1.56 32.57 95.1 
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2P 
Grain Phase Point P S Cr Fe Co Ni Total 
ALH29_S13 Pn 7 bdl 32.75 bdl 30.09 2.85 31.44 97.2 
ALH29_S13 Pn 8 bdl 31.80 bdl 30.03 2.65 30.70 95.2 
ALH29_S13 Pn 9 bdl 32.71 bdl 30.10 2.71 31.15 96.7 
ALH29_S6 Pn 1 bdl 32.55 bdl 30.46 2.53 31.11 96.7 
ALH29_S6 Pn 3 bdl 32.78 bdl 29.99 2.62 31.60 97.0 
ALH29_S9 Pn 1 bdl 32.55 bdl 30.33 2.49 30.84 96.2 
ALH29_S9 Pn 5 bdl 32.56 0.04 30.65 2.45 30.70 96.4 
ALH34_S1 Pn 1 bdl 32.29 0.05 30.23 2.55 30.69 95.8 
ALH34_S1 Pn 2 bdl 32.38 bdl 30.35 2.51 30.70 96.0 
ALH34_S1 Pn 3 bdl 32.52 0.04 30.14 2.60 30.72 96.0 
ALH34_S1 Pn 5 bdl 32.67 bdl 30.88 2.47 30.92 97.0 
ALH34_S13 Pn 3 bdl 32.28 bdl 28.76 2.57 31.45 95.1 
ALH34_S13 Pn 6 bdl 32.21 bdl 29.03 2.44 31.54 95.2 
ALH34_S4 Pn 2 bdl 32.81 0.06 30.93 2.33 30.49 96.6 
ALH34_S4 Pn 4 bdl 32.91 0.05 30.92 2.42 30.70 97.0 
ALH49_S5 Pn 1 bdl 32.81 bdl 30.95 2.69 30.81 97.3 
ALH49_S5 Pn 3 bdl 32.59 bdl 30.76 2.70 30.77 96.8 
ALH49_S5 Pn 4 bdl 32.90 bdl 31.08 2.87 31.08 98.0 
ALH49_S5 Pn 5 bdl 32.38 bdl 30.97 2.70 30.45 96.5 
ALH49_S5 Pn 6 bdl 32.22 bdl 30.84 2.65 30.29 96.0 
ALH49_S5 Pn 7 bdl 32.21 bdl 30.54 2.68 30.54 96.0 
ALH49_S5 Pn 8 bdl 31.94 bdl 30.56 2.83 30.33 95.7 
ALH49_S5 Pn 9 bdl 32.88 bdl 30.65 3.00 31.25 97.8 
ALH49_S5 Pn 10 bdl 32.52 0.04 30.03 3.15 30.70 96.4 
ALH49_S5 Pn 11 bdl 32.48 bdl 30.23 2.97 30.77 96.5 
ALH49_S5 Pn 12 bdl 32.58 bdl 30.88 2.83 31.14 97.5 
ALH49_S7 Pn 1 bdl 33.08 bdl 29.99 2.94 32.03 98.0 
ALH49_S7 Pn 2 bdl 32.42 bdl 29.78 2.79 31.49 96.5 
ALH49_S7 Pn 3 bdl 33.04 0.04 30.20 2.91 31.70 97.9 
ALH49_S7 Pn 4 bdl 32.90 bdl 30.25 2.93 31.66 97.8 
ALH49_S7 Pn 5 bdl 32.96 bdl 30.33 2.98 32.08 98.4 
ALH49_S7 Pn 6 bdl 32.73 bdl 30.18 2.80 31.40 97.1 
ALH49_S7 Pn 7 bdl 32.73 bdl 30.02 2.94 31.55 97.3 
ALH49_S7 Pn 8 bdl 32.47 bdl 30.05 2.58 31.21 96.3 
ALH49_S7 Pn 9 bdl 32.69 bdl 29.89 2.76 31.90 97.3 
ALH49_S7 Pn 10 bdl 32.95 0.03 29.98 2.95 31.64 97.6 
ALH49_S7 Pn 11 bdl 32.20 0.04 29.77 2.80 30.86 95.7 
ALH49_S7 Pn 12 bdl 32.75 0.05 29.77 2.80 31.68 97.1 
LAP_S9 Pn 1 bdl 32.62 0.04 30.76 2.11 32.04 97.6 
LAP_S9 Pn 2 bdl 32.33 bdl 30.45 2.07 31.35 96.2 
LAP_S9 Pn 3 bdl 32.21 0.05 30.24 2.07 31.85 96.4 
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2P 
Grain Phase Point P S Cr Fe Co Ni Total 
LAP_S9 Pn 4 bdl 32.47 bdl 30.45 2.21 31.98 97.1 
LAP_S9 Pn 5 bdl 32.65 bdl 30.66 2.25 32.32 97.9 
LAP_S9 Pn 6 bdl 32.88 0.05 30.82 2.21 32.23 98.2 
LAP_S9 Pn 7 bdl 32.28 bdl 30.99 2.07 31.70 97.1 
* ALH83 = ALHA 83100, ALH29 = ALH 84029, ALH34 = ALH 84034, ALH49 = ALH 84049, LAP = 
LAP 031166, MET = MET 01073, po = pyrrhotite, pn = pentlandite, b = blade textured, p = patch textured, 
c = coarse grained, bdl = below detection limit 
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Appendix II. Bulk Compositions 
EPMA Analyses in element wt. % 
CM1 
2P 
Grain Phase Point§ S Cr Fe Co Ni Total 
ALH29_S13 Pn 1 32.62 bdl 30.55 2.86 31.21 97.2 
  2 32.61 bdl 29.77 2.80 31.12 96.3 
  3 32.68 bdl 30.10 2.80 31.35 97.0 
  4 32.75 bdl 29.76 2.61 31.09 96.2 
  6 31.48 bdl 29.45 1.56 32.57 95.1 
  7 32.75 bdl 30.09 2.85 31.44 97.2 
  8 31.80 bdl 30.03 2.65 30.70 95.2 
  9 32.71 bdl 30.10 2.71 31.15 96.7 
  Average 32.43 bdl 29.98 2.60 31.33 96.3 
   Std dev 0.49 bdl 0.33 0.43 0.55   
ALH29_S6 Pn 1 32.55 bdl 30.46 2.53 31.11 96.7 
  3 32.78 bdl 29.99 2.62 31.60 97.0 
  Average 32.66 bdl 30.22 2.57 31.36 96.8 
   Std dev 0.17 bdl 0.34 0.07 0.34   
ALH29_S9 Pn 1 32.55 bdl 30.33 2.49 30.84 96.2 
5 32.56 0.04 30.65 2.45 30.70 96.4 
  Average 32.56 bdl 30.49 2.47 30.77 96.3 
   Std dev 0.01 bdl 0.23 0.03 0.09   
ALH34_S1 Pn 1 32.29 0.05 30.23 2.55 30.69 95.8 
  2 32.38 bdl 30.35 2.51 30.70 96.0 
  3 32.52 0.04 30.14 2.60 30.72 96.0 
  5 32.67 bdl 30.88 2.47 30.92 97.0 
  Average 32.46 0.05 30.40 2.53 30.76 96.2 
   Std dev 0.17 0.01 0.33 0.05 0.11   
ALH34_S13 Pn 3 32.28 bdl 28.76 2.57 31.45 95.1 
  6 32.21 bdl 29.03 2.44 31.54 95.2 
  Average 32.25 bdl 28.89 2.50 31.49 95.1 
   Std dev 0.05 bdl 0.19 0.09 0.07   
ALH34_S4 Pn 2 32.81 0.06 30.93 2.33 30.49 96.6 
  4 32.91 0.05 30.92 2.42 30.70 97.0 
  Average 32.86 0.05 30.92 2.37 30.59 96.8 
   Std dev 0.07 0.01 0.01 0.06 0.14   
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2P 
Grain Phase Point§ S Cr Fe Co Ni Total 
ALH49_S5 Pn 1 32.81 bdl 30.95 2.69 30.81 97.3 
  3 32.59 bdl 30.76 2.70 30.77 96.8 
  4 32.90 bdl 31.08 2.87 31.08 98.0 
  5 32.38 bdl 30.97 2.70 30.45 96.5 
  6 32.22 bdl 30.84 2.65 30.29 96.0 
  7 32.21 bdl 30.54 2.68 30.54 96.0 
  8 31.94 bdl 30.56 2.83 30.33 95.7 
  9 32.88 bdl 30.65 3.00 31.25 97.8 
  10 32.52 0.04 30.03 3.15 30.70 96.4 
  11 32.48 bdl 30.23 2.97 30.77 96.5 
  12 32.58 bdl 30.88 2.83 31.14 97.5 
  Average 32.50 bdl 30.68 2.82 30.74 96.7 
   Std dev 0.30 bdl 0.32 0.16 0.32   
ALH49_S7 Pn 1 33.08 bdl 29.99 2.94 32.03 98.0 
  2 32.42 bdl 29.78 2.79 31.49 96.5 
  3 33.04 0.04 30.20 2.91 31.70 97.9 
ALH49_S7 Pn 4 32.90 bdl 30.25 2.93 31.66 97.8 
  5 32.96 bdl 30.33 2.98 32.08 98.4 
6 32.73 bdl 30.18 2.80 31.40 97.1 
7 32.73 bdl 30.02 2.94 31.55 97.3 
  8 32.47 bdl 30.05 2.58 31.21 96.3 
  9 32.69 bdl 29.89 2.76 31.90 97.3 
  10 32.95 0.03 29.98 2.95 31.64 97.6 
  11 32.20 0.04 29.77 2.80 30.86 95.7 
  12 32.75 0.05 29.77 2.80 31.68 97.1 
  Average 32.74 0.04 30.02 2.85 31.60 97.3 
   Std dev 0.27 0.01 0.19 0.11 0.34   
LAP_S9 Pn 1 32.62 0.04 30.76 2.11 32.04 97.6 
  2 32.33 bdl 30.45 2.07 31.35 96.2 
  3 32.21 0.05 30.24 2.07 31.85 96.4 
  4 32.47 bdl 30.45 2.21 31.98 97.1 
  5 32.65 bdl 30.66 2.25 32.32 97.9 
  6 32.88 0.05 30.82 2.21 32.23 98.2 
  7 32.28 bdl 30.99 2.07 31.70 97.1 
  Average 32.49 0.05 30.62 2.14 31.92 97.2 
    Std dev 0.24 0.00 0.26 0.08 0.33   
* Po = pyrrhotite, pn = pentlandite, std dev = standard deviation. 
§ Point labels may not match those in Appendix I as this data is a subset of that presented in 
Appendix I. 
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